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PREFACE 


Fuel is the backbone of all industrial prosperity; the use of heat and power, an 
index of a nation’s degree of advancement. It is doubtful if there is any single 
material of supply more widely used by industries, or any general subject of any 
greater basic importance to engineers and industrialists. 

Broad transitions in the use of fuel are inevitable as local supplies become depleted, 
improved combustion ecpiipment is developed, and new demands are made upon fuel 
performances Industries which formerly depended upon a single traditional fuel 
now find themselves choosing among two, three, or even four equally available fuels. 
The final choice is often dependent upon many factors, most of which involve the 
individual location and requirements of the plant. 

Progress in combustion and in combustion equipment has banished an era in which 
“coal was just coal” and brought us to a point where the specification of a properly 
coordinated fuel can, and frequently does, result in savings of thousands upon thou¬ 
sands of dollars. 

A better understanding of the characteristic properties of the individual fuels, and 
of the several fuels as related to each other, paves the way for a more intelligent fuel 
selection and for tlui resultant substantial economies and improvements in operation. 

Despite a wealth of up-to-date material on fuels of all types, no recent attempt has 
been made to bring representative factual material together for ready reference. 
Such authoritative data as were available to cover many important phases of fuel 
characteristics and utilizations existed only in pamphlet or article form, scattered 
throughout engineering societies, government bureaus, and trade journals. 

It was thus the objective of this volume to present comprehensive factual data 
ov(T the full range of commercial fuels for reference and study by practical engineers, 
students of fuels, and all others having an interest in the selection or use of fuels or 
fuel utilization equipment of any type. 

To be of any real value, a handbook of this type must necessarily be comprehensive 
in its coverage. As this requirement placed it well beyond the range of any single 
author, the volume was in effect compiled from some four hundred and fifty major 
references with the permission and cooperation of their authors and copyright owners. 
In selecting this wude range of material, every effort was made to use the most recent 
articles available with, of course, full consideration for their weight and value. As a 
result, over 50 per cent of the material presented herein is less than 6 years old, and 
over 80 per cent is l(*.ss than 10 years old. It is fully realized that this may lead to 
conflict with older references and opinions in some instances. However, as only 
well-authenticated and carefully stdected references were cited, the version presented 
may be assumed to be that in current acceptance. 

As it is fully appreciated that no reference book is any better than its index, every 
effort has been made to make this as complete as possible. In arranging the material, 
a major complication was that much of the material had two or even more very 
logical locations. In such instances, after making the best choice possible, included 
subjects were so indexed and cross-indexed as to make them readily available. 

Cooperation in the preparation of this book was so wholehearted and widespread 
as to render a full acknowledgment of all participants a major problem. First, the 
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work of the editors was, just as the term implies, largely that of collecting, arranging, 
and presenting material from a broad field with but little claim to original authorship 
Next, individual credit has been given in the text for each reference used. The amo\ 
of rewriting differed widely from article to article but, as virtually all the mate) 
was rewritten or rearranged, if only to a slight extent, direct quotations were omiti 
for the sake of simplification in reading. Finally, the editor wishes to express sine 
thanks to all whose cooperation is not otherwise covered, including: Dr. A. C. Fieldn ^ 
Chief, Fuels and Explosives Division, U.S. Bureau of Mines; J. F. Barkley, Chi , 
Fuels Utilization Branch, U.S. Bureau of Mines; V. F. Parry, Supervising Engine. 
U.S. Bureau of Mines; Joseph A. Corgan, Chief, Anthracite and Coke Section, U.^ 
Bureau of Mines; L. L. Newman, Gas Engineer, U.S. Bureau of Mines; T. W. Harrib, 
Division Purchasing Agent and W. H. Gehring, Assistant Division Purchasing Agent 
E. I. duPont de Nemours & Co.; J. Stanley Morehouse, Dean of Engineering, Villanov 
College; Dr. E. Hacisch, Head of Chemistry Department, Wabash College; E. 
Church, Jr., Professor, Polytechnic Institute of Brooklyn; Dr. A. W. Gauger, Direct 
Mineral Industries Experiment Station, The Pennsylvania State College; A. C 
Christie, Professor, Johns Hopkins University; Otto dcLorenzi, Director of Education 
Combustion Engineering-Superheater, Inc.; Paul A. Mulcey, Director, Anthracit 
Institute Laboratory; J. II. Kerrick, Fuel Engineer, Philadelphia & Reading Coal 
Iron Co.; E. E. Finn, Consulting Engineer, Anthracite Institute; C'. M. McJlefft 
Fuel Engineer, Hudson Coal Co.; E. C. Lindenmoyer, Sales Engineer, M. A. Ham 
Co.; T. C. Thomas, Captain, U.S. Navy; A. W. Thorson and W. A. Lurtey, Unitt 
Engineers and Constructors; W, H. Jackson, Babcock & Wilcox Co.; Robert Hungei 
Buffalo Forge Co.; W. L. Byler, Mackenzie Engineering Co.; B. W. Webb, Cc 
bustion Engineering-Superheater, Inc. 

Allen J. Johnson 
G. H. Auth 

Landsdowne, Pa. 

ViLLANOVA, Pa. 

September ^ 1950 
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FUEL SOURCES, TRENDS, AND RESERVES IN 
THE UNITED STATES AND ABROAD 


Sources of Energy. . 

General Trends in the Use of Energy. . 

Oil trends in the United States. Solid fuel trends in the United States. Natural 
gas trends in the United States. Possible new energy sources. 
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countries. World petroleum reserves. 
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SOURCES OF ENERGY! 


During the period 1912 to 1947, the steady rise in mechanization pushed the world^s 
consumption of total energy derived from all fuels and water power up almost 70 per 
cent to a 1947 total of more than 79 quadrillion (79,000,000,000,000,000) Btu.^ 

The United States, with its many machines and wide aceciptance of both labor- 
saving devices and comfort living, is by far the world’s greatest user of energy. In 
1947, this country accounted for 45 per cent of total world consumption; Russia, the 
second largest consumer of energy, was credited with only 11 per cent. 


U.S.A. 


Foreig n 


Fig. 1-1. Estimated proportions of energy supplied in 1947. {The Lamp, June-September, 
1948.) 

Upon a per capita basis, the United States looms even larger among world energy 
consumers. Every man, woman, and child uses, on the average, about 250 million 
Btu each year; in Canada, which ranks second in the per (capita comparison, each 
person uses about 210 million Btu. 

In Asia, Oceania, and most of Africa, the average person uses only about 6 million 
Btu, less than one-fortieth as much energy as the average American uses. Even 
though 60 per cent of the world’s people live in those areas, they consume only 10 per 
cent of the world’s energy. 

GENERAL TRENDS IN THE USE OF ENERGY 

Until the end of the nineteenth century, the world depended almost entirely upon 
wood, coal, and water power for its industrial energy. Oil entered the energy picture 
early in the twentieth century with the development of the gasoline-burning internal- 
combustion engine. Gasoline’s high energy content, cleanliness, and ease of handling 
and storing made it an ideal fuel for moving vehicles; and its use soon spread from 
automobiles to trucks and busses, to farm tractors, boats, and airplanes. In even 
more recent times, other types of fuel derived from petroleum have been used increas¬ 
ingly to power oil-fired boilers and steam locomotives, and diesel engines for driving 
locomotives, trucks, and busses. As oil has also become a major supplier of su(!h other 
energy needs as space heating, the result was a fivefold expansion of the use of oil and 
gas between the years 1920 and 1947. 

In 1947, for the first time, coal and oil were virtually tied as producers of energy in 
the United States, with each supplying approximately 48 per cent of all energy con¬ 
sumed.® However, even if it has not already reached its peak, this trend cannot con¬ 
tinue indefinitely because our petroleum reserves are by no means as extensive as our 
coal reserves and because the demand for oil is increasing at a rate that is lik(ily to be 

1 Anonymous, Energy, The Lamp, Esso Standard Oil Co., New York, Jiine-Septoinber, 1948. 
SiLLCOX, K. L., “Patterns of Power,” iireaented at the Massaohnsetts Institute of Technology, Mar. 
17, 1948. 

* A Btu (British thermal unit), the comnion standard for measuring energy in fuels, is defined as 
the quantity of heat required to raise the temperature of one pound of water one degree Fahrenheit. 

» Exclusive of wood. 


46% 


Coal 


32% 


13% 9% 


xGas/wooc^ 
O'l \ /and I 
^ \ /water | 
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67% 


17% 1% 15% 
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Fig. 1-2. Percentages of United States energy supplied by coal and oil (including natural 
gas), 1917 to 1947. {The Lamp, Jum-September, 1948.) 

greater than the rate of increase that can be maintained in domestic production. 
(This is due principally to the limitations on the rate at which oil fields can be devel¬ 
oped without drawing upon our oil resources at such an inefficiently high rate as to be 
wasteful.) 


Table 1-1. Per Capita Consumption of Energy by Countries® 


Country 

Energy pro¬ 
duced per 
day, per 
capita, kwhr 

Total 
enerpiy 
produced 
by coal, 
per cent 

Country 

Energy pro¬ 
duced per 
day, per 
capita, kwhr 

Total 
energy 
produced 
by coal, 
per cent 

United States 

10 02 

61 00 

Japan . 

1 27 

47 20 

Canada 

10 00 

40 70 

Argentina. 

1 27 

24 30 

Norway 

5 75 

17 50 

Italy 

1 26 

33 50 

Great Britain 

5 00 

86 00 

Spain 

1 05 

42 80 

Germany 

4 95 

88 90 

Russia 

0 71 

37.90 

Sweden 

3 36 

27 10 

Brazil 

0 47 

13 40 

Switzerland 

3 37 

22 10 

India 

0 36 

22 80 

France 

3 25 

71 75 

China. 

0 34 

23 80 

Australia 

2.80 

45 40 





* U.S. Bureau of Mines, 1949. 


The already small deficit between the efficient domestic producing rate and domestic 
demand is expected to grow. This difference is already being made up by imports, 
and it seems likely that foreign crude will continue to support our domestic production, 
probably to a steadily increasing degree. 
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FUEL SOURCES, TRENDS, AND RESERVES 


At present, most of our imports come, and are expected to continue to come, from 
the Western Hemisphere, particularly Venezuela. In past years, the highly industri¬ 
alized areas of western Europe, too, have drawn much of their oil from Venezuela, as 
well as from the United States. 

Today, however, the pattern of oil flow is changing. With the demand for oil rising 
in practically all of the North and South American countries, petroleum sources in this 
hemisphere are being looked to increasingly to supply these needs. Other sources, 
therefore, are being developed to meet the needs of consumers in western Europe. By 
far the most important of these sources of supply for the Eastern Hemisphere is the 
Middle East. There proved reserves are already greater than those of the United 
States, and potential or final reserves are far greater. 


Table 1-2. End Uses of United States Energy in 1947^ 


Use 

Btu 

(trillions) 

Per cent 

Use 

Btu 

(trillions) 

Per cent 

Industrial (manufacturing) 



Highway vehicles. 

3,600 

10 1 

and miscellaneous .... 

14,000 

39 5 

Ships . 

700 

2 0 

Space heating. 

8,500 

23.9 

Aviation (commercial and 



Gas and electricity produc¬ 



military). 

100 

0.3 

tion . 

4,800 

13 5 




Railroads. 

3,800 

10 7 

Total . 

35,500 

100 0 


» Energy, The Lamp, Esso Standard Oil Co., New York, June-September, 1948. 


Table 1-3. Sources of Commercial Energy Supply in the United States for 1946^ 

(Excluding manual labor) 


1 

Source 

Energy equivalent 

Trillions 
of Btu 

Por cent of total 
energy 

Per cent of major 
energy sources 

Coal. 

15,589 

46,08 

47 87 

Crude petroleum. 

10,401 

30 75 

31 94 

Natural gas«. 

5,199 

15 37 

16.97 

Hydroelectric power^. 

1,374 

4 06 

4 22 

Total major sources ... 

32,563 

96 26 

100 00 

Wood and agricultural products 

1,124 

3 32 


Work animals .. 

122 

0 36 


Mechanical water power. 

10 

0 03 


Wind. . 

10 

0 03 


Total commercial energy. 

33,829 

100 00 



1 Interfuel Competition, Federal Power Commieswn Report on the Natural Oaa Investigation, Part 
VII, p. 20, February, 1948. 

® Does not include growing usage of “natural-gas liquids.’* 

^ At prevailing central-station fuel equivalent. 


Table 1-4. Annual Work Output of Men and Animals^ 


Horse \ 

Buffalo >. 

800 hr/year @ 1 hp 

600 kwhr/year 

Camel f 

Ox. 

800 hr/year @ 11/12 hp 

650 kwhr/year 

Mule. 

800 hr/year @ 3/4 hp 

450 kwhr/year 

Ass. 

800 hr/year @ 1/4 hp 

150 kwhr/year 

Man. 

2,400 hr/year @ 1/12 hp 

150 kwhr/year 


> Energy Resources of the World, U.S. Dept. State Puh. 3428, June, 1949, p. 124, Washington, D.C. 


























GENERAL TRENDS IN THE USB OF ENERGY f 

Oil Trends in the United States. No factor in the entire fuel picture is any more 
uncertain than that of the future of the oil industry as we know it today. From a 
maze of conflicting opinions, it can be concluded, because of a preponderant weight of 
evidence, that (1) our coal reserves are abundant for at least several hundred years, 
(2) within the next 5 or 10 years it will be economically feasible to transform coal into 
gaseous and liquid forms, and (3) our domestic natural oil reserves are definitely 
limited. 

Proved oil reserves in the United States stand at billion bbl, the largest in our 
history. However, this figure is offset by equally record consumption and by growth 
of consumption to a point where a simple division of proved reserves by the annual 



production. {Compiled from Table 3 in Natural Gas Investigation^' Part P//, Interfud 
Competition^ Feder(d Power Commission^ Docket G580, Pd/ruary, 1948.) 

rate of even present use of 2 billion bbl indicates a life for our reserves of less than 12 
years. (However, it is interesting to note in Fig. 1-3 that this figure has not exceeded 
14 years since 1932.) 

Fortunately, there are several major fallacies in this type of reasoning. First, 
proved reserves represent only the known working stocks of underground oil, against 
the certainly larger, but unknown, total or potential ultimate supply. New dis¬ 
coveries and improvements in recovery are always adding to our proved reserves, yet 
there is no really accurate measure of their true magnitude. The recent Leduc dis¬ 
covery in western Canada, the offshore potentialities of the Gulf Coast, and the tre¬ 
mendous increase in both United States and Venezuelan production over what was 
previously believed a maximum, together with advances in methods of secondary 
recovery, all indicate the potentialities of an expansion of domestic oil through unpre¬ 
dictable factors. 

Secondly, increased demand for such oil-consuming machines as diesels, auto¬ 
mobiles, and oil burners cannot properly reflect a corresponding demand for oil unless 
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future equipment, efficiencies, and a consideration of the fuels displaced are included 
in the calculation. For illustration, the use of diesel locomotives is frequently criti¬ 
cized as a consumer of our limited oil supply. Actually this criticism is unwarranted, 
particularly in the West, because, wherever a diesel replaces one of the many oil¬ 
burning steam locomotives, it does so at so much higher fuel efficiency that oil is actu- 
aUy saved. In fact, it is estimated that, if 80 per cent of all locomotives now in use in 
this country were diesels, the total railroad energy of the country would be cut by at 



Yeor 

Fig. 1-4. Ten-year moving ratio between recoverable petroleum reserves and annual 
production. (Note: Each point on curve represents average of current year and nine 
preceding years, i.e., a moving average to show the trend.) 



least 50 per cent because of the dieseFs 4:1 efficiency ratio as compared with either 
coal- or oil-burning steam locomotives. On that basis, our railroads would then 
require less than half of the 11 per cent of the nation ^s total energy which they are now 
consuming. 

Further economy is to be expected on the highways as a result of greater auto¬ 
motive efficiencies. Today, the fuel economy of automobiles is some 33 per cent 
greater than that of 30 years ago with a further 30 per cent economy, or 5 more miles 
per gallon, predicted for the foreseeable future. 
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All other classes of energy utilization, including space heating and industrial power, 
are also likely to yield to engineers* and researchers* constant search for greater 
economy. ' ' 

Changing price relationships can also conceivably act as an effective brake upon the 
utilization of petroleum products. This is particularly true in the industrial field 
where even slight changes in the economic structure, such as would inevitably accom> 
pany any shift in petroleum supply, can cause appreciable conversions. In home 
heating, the price differential must be substantially greater to induce householders to 
make any sacrifices in convenience. However, technical developments in coal utiliza¬ 
tion are not expected to remain static; new types of equipment for the more automatic 
handling of coal and ash, together with greater efficiency of burning, could bring a 
major change back to solid fuels to relieve further the load upon oil. 

As a net result, such improvements in utilization may slow down the increase in oil 
demand to extemd the life of our proved reserves proportionately even in the face of 
a very desirable unrestricted expansion of the use of energy. All such factors will add 



Fig. 1-6. World trend in steamship fuels, 1914 to 1947. {The Lamp, January, 1949.) 

their share to a delay in the date when the United States must place major dependence 
upon foreign petroleum supplies. Even then, an alternate to guarantee us against 
any really fundamental change in our use of energy is the liquefaction of coal, oil 
shale, and natural gas. 

Solid-fuel Trends in the United States. By far the greatest potential energy 
resource of this nation is in the form of coal. Again it becomes impossible to predict 
accurately the life of our reserves because of the absolutely unpredictable demands of 
the far distant years. However, even after a full allowance of all conservative factors, 
including coal’s assumption of all the present energy production of oil, there is still 
enough coal for several hundred years. Nor does this fuel supply necessarily have to 
be used in solid form, since, when economic conditions justify it, liquid fuels can be 
derived from coal, and possibly additional and almost inexhaustible tonnages of oil 
shale, by technical processes already largely developed. 

Within the life of any of our present plants, or possibly even methods of use, the 
limitation on coal is one of types and kinds, rather than one of total supply. Because 
of our natural practice of mining the best and most sought coal first, a distinct shortage 
of some of the higher grades of coal is already being experienced. As mining pro¬ 
gresses, industry can expect steady, though gradual, lessening of a choice of coal 
characteristics; this should at least be balanced by improvements in utilization to 
nullify any over-all effects. 
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Natural-gas Trends in the United States. Despite distributional limitations, 
natural gas provided more than 13 per cent of the nation’s energy supply in 1947. As 
much of our natural gas is a by-product of the search for, and production of, oil, its 
trend may be expected to parallel that of petroleum with one important exception. 


Table 1-6. World Fuels Production in 1946^ 


Country 

Coal 

Petroleum 

Natural gas 

Millions of 
metric tons'* 

Per cent 
of total 

Millions 
of bbl 

Per cent 
of total 

Billions 
of cu ft 

North America. 

556 >> 

42.4 

1,791 

65.1 

4,954 

United States 

539 

41 1 

1,733 

63 0 

4,904 

Canada . 

16 

1 2 

8 

0 3 

48 

Mexico .. . 

1 

0 1 

49 

1 8 

2 

South America . 

3 

0.2 

466 

17.0 





389 

14 1 


Columbia ... 



22 

0 8 


Argentina . . 



21 

0 8 


Trinidad and Barbados. 



20 

0 7 


Peru . 



13 

0 5 


Chile. 

2 

0.1 




Brazil. . 

1 

0 1 




Europe. 

6450 

49.1 

219 

8.0 


Germany. 

114 

8 7 

5 

0 2 


Great Britain. 

179 

13 6 




U.S.S.R. . . 

160 

12 2 

170^ 

6 2 


France. 

50 

3 8 




Poland. 

48 

3 7 

1 



Czechoslovakia 

34 

2 6 




Belgium . 

23 

1 8 




Asia. . . 

60 

4.6 

266 

9.6 


Japan. 

25 

1 9 

1 



U.S.S.R. . 

« 

* 




India, Burma, Malaya . 

30 

2 3 

3 

0 1 


Iran, Iraq, Arabia . 



256 

9 3 


China, Manchuria . 

♦ 


1 



East Indies. 



4 

1 


Africa. 

86 

8.0 

9 

0.3 


Egypt . 



9 

0 3 


Union of South Africa. 

24 

1 8 




Australia and New Zealand.. .. 

28 ' 

1.7 




Australia . 

20 

1 5 




World totals 

1 , 812 / 

100.0 

2,700 

100.0 

4,954 


1 Prepared by Dr. Amo C. P’ieldner, Chief, Fuels and Explosives Division, U.S. Bureau of Mines, 
January, 1948. 

« A metric ton — 2,204.6 lb. 

^ Includes 6 million metric tons of subbituminous coal and lignite. 

* Includes 97 to 122 million metric tons of lignite and brown coal. 

^ Includes Asia. 

* Includes 7 million metric tons of lignite and brown coal. 

/ Countries not reported may raise total to 1,380 million metric tons. Includes approximately 125 
million metric tons of lignite and brown coal. 

* Data not available. 

This is that today much of our readily available natural gas is not being profitably 
marketed because of pipe-line limitations. Current plans call for relief to a point 
where we may expect a rapid and very substantial increase within a relatively short 
while. Like coal, the life of the gas fields is inseparably dependent upon the increase 
in demand, and upon the extent to which natural gas is called upon to bolster oil sup- 






















Fig. 1-7. Percentage of total Btu equivalent contributed by the several sources of energy 
in the United States, counting water power at constant fuel equivalent, 1889 to 1943. If 
water power is counted at the prevailing fuel equivalent of central stations in each year, its 
proportion is 3.2 per cent in 1899 and 4.2 per cent in 1943, and the proportions of the other 
sources of energy are affected accordingly. Miner aU Yearbook'* U»S, Bureau of Afinss, 

1946.) 
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Fig. 1-8. Annual supply of energy from mineral fuels and water power in the United 
States, 1899 to 1947. (U.<S. Bureau of Mines, Mineral Market Report 1664.) 
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plies either in direct use or in synthesis. Current estimates place the life of proved 
reserves at about twice those of oil which, of course, is still only a small fraction of that 
of coal. 

Possible New Energy Sources. Tlie foregoing considers only energy sources with 
which we are familiar today. But other sources, as y(‘t untapped, are potential future 
suppliers. Included are nuclear fission, a utilization of the energy of sunlight, or the 
latent heat energy in the atmosphere, the earth, or ocean currents. Of these, atomic 
energy offers the greatest promise, with authorities agreeing that this will come gradu¬ 
ally, possibly starting in stationary power plants and large ships. 

Our present unspectacular problem is one of unceasing efforts to increase efficiencies 
HO as to secure more energy from less fuel, and so to develop and distribute our energy 
resources as to hold waste and avoidable losses to a minimum. 

WORLD MINERAL-FUEL RESERVES 
World Coal Reserves* 

The worldreserves of all types of coal ranging from lignite through anthracite 
have been estimated at 6 to 7 million metric tons. Of this amount, approximately 60 
per cent occurs in North America, over 17 per cent in Asia, about 11 per cent in Europe, 
2 per cent in Oceania, and the remaining 1 per cent in Africa and South America. 

Very few countries are wholly devoid of coal. But many, such as Brazil, Argentina, 
Italy, Sweden, and Rumania, possess somewhat meager resources in proportion to 
their commercial and economic significance and consequently are dependent upon its 
importation to fill their requirements adequately. Norway’s (^oal resources, irrespec¬ 
tive of Spitzbergen, are inconsiderable. 

Bulk of Coal Reserves in Northern Hemisphere. The great bulk of the coal 
reserves of the world occurs in the Northern Hemisphere. This is mainly due to the 
larger land areas existing there and to the fact that the earlier coal-bearing portions of 
the Carboniferous Era are not represented in the Southern Hemisphere. Another 
salient feature is the enormous coal resources of North America, which contain more 
than five-sevenths of the estimated reserves of the world, followed by those of Asia, 
which comprise the largest anthracite areas, occurring chiefly in China. Although it is 
probable that a large portion of C-hina’s coal, now classed as anthracite, may prove to 
be subbiturninous coal, neverthel(;ss that nation’s resources in anthracite far exce(‘d 
those of all other countries combined. 

Notes on Coal Occurrence and Types as Found in Various Countries 

(See Table 1-6) 

North America has 69 per cent of the world’s coal reserves. 

Alaska has reserves of 100 billion net tons (1946 estimate). Production in 1943, 
289,230 net tons; 1943 consumption, 333,850 net tons. Most important fields: 
Matanuska Valley field. Cook Inlet region, and Nemana field in Yukon region. All 
types of coal found, from anthracite through lignite. 

Canada has about 17 per cent of the world’s reserves of all classes of coal. Lignite 
through good steaming and coking coals with some small deposits of anthracite. Coal 
in British Columbia mainly bituminous; Alberta, bituminous coal and lignite; Sas¬ 
katchewan, lignites only; good steaming and coking coal on the Atlantic Coast. 

Mexico, Considerable deposits are known, with relatively little exploration or 
development on account of the abundance of oil. State of Coahuila contains only 
highly developed fields; Sabinas Basin, 15 by 35 miles in area, most important with 

» Hoar, H. M., “The Coal Industry of the World," U.S. Department of Commerce, Trade Promo¬ 
tion Series, No. 105, Government Printing Office, Washington, D.C., 1930. 
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Table 1-6. Estimated Coal Reserves of the World 

(In million metric tons of 2,204^6 lb each) 


Country 

1913 estimate and breakdown® 

Jan., 1047, 
estimate^ 

Class A, 
anthracite 
and semi- 
anthracite 

Classes 

B and C, 
bituminous 
coals 

Class D, 
subVutumi- 
nuus coal, 
brown coal, 
and lignite 

Total 

Total 

North America*’. 

21,848 

2 , 839,683 

8 , 811,906 

6 , 078,431 

8 , 707,000 

United States . 

19,684 

1.955,521 

1,863,452 

3.838,657 

2,885,0004 

Canada 

2,158 

283,661 

948,450 

1,234,269 

815,000« 

Newfoundland . 


500 


500 


Central America . 


1 

4 

5 


South America/ . 

700 

31,397 


88,097 

3,000 

Colombia . 


27,000 


27,000 


Venezuela . 


5 


5 


Peru 

700 

1,339 


2,039 


Argentina 


5 


5 


Chile . . 


3,048 


3,048 

2,000 

Europe® 

64,346 

693,168 

36,682 

784,190 

888 , 000 ^ 

Great Britain and Eire 

11,357 

178,176 


189,533 

174,000 

Portugal . 

20 



20 


Spain . 

1,635 

6,366 

767 

8,768 


France 

3,271 

12,680 

16,632 

17,583 

9,000 

Italy 

144 


99 

243 


Greece 



40 

40 


Bulgaria. 


30 

358 

388 


Denmark 



50 

50 


Netherlands 

320 

4,082 


4,402 


Belgium 


11,000 


11,000 

11,000 

Germany 


409,975 

13,381 

423,356 

342,000 

Poland 





96,000 

Czechoslovakia 





19,000 

Austria 


40,982 

12,894 

53,876 


Bosnia (Yugoslavia) 



3,676 

3,676 


Servia (Yugoslavia) 


45 

484 

529 


' Rumania 



39 

39 


Sweden 


114 


114 


Russia in Europe 

37,599 

20,849 

1,658 

60,106 

80,000* 

Spitz bergen. 


8,750 


8,750 


Asia . . 

407,637 

760,098 

111,861 

1 , 879,686 

1 , 466,000 

Korea 

40 

19 

22 

81 


China 

387,464 

607,523 

600 

995,587 

250,000 

Manchuria 

68 

1,140 


1,208 


Japan 

62 

7,130 

778 

7,970 

16,000 

Russia in Asia 

1 

66,034 

107,844 

173,879 

1,160,000 

Indo-China 

20,002 



20,002 


India 


76,399 

2,602 

79,001 


India, Burma, Malava 





1?0,000 

Persia •. . 


1,858 


1,858 


Africa 

11,668 

46,183 

1,064 

67,889 

818,000 

Belgian Congo . 


90 

900 

990 


Southern Nigeria. 



80 

80 


Rhodesia . 

2 

592 

74 

669 


Transvaal .... 


36,000 


36,000 


Natal . 

4,700 

4,600 


9,300 


Zuzuland ... . 

6,000 



6,000 


Orange Free State . 

960 

3,800 


4,760 

* 

jTn»en of Afri<*.R . 





206.000 
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Table 1-6. Estimated Coal Reserves of the World. (Continued) 


Country 

1913 estimate and breakdown** 

Jan., 1947, 
estimate^ 

Class A, 
anthracite 
and semi¬ 
anthracite 

Classes 

B and C 
bituminous 
coals 

Class D, 
subbitumi¬ 
nous coal, 
brown coal, 
and lignite 

Total 

Total 

Oceania. 

689 

188,481 

86,270 

170,410 

69,000 

Australia. 

659 

132,250 

32,663 

165,.572 

58,000 

New Zealand , . 


911 

2,475 

3,386 


British North Borneo. . 


75 


75 


Netherlands Indies .... 


240 

1,071 

1,311 


Philippines. 


5 

61 

66 


World Total ... . 

496,846 

8 , 902,944 

2 , 977,768 

7 , 897,068 

6 , 818,000 


« Hoar, H. M., “The Coal Industry of the World,” U.S. Department of Commerce, Trade Promo¬ 
tion Series, No. 105, p. 13, Government Printing Offiec, Washington, D C., 1930. 

fc Letter and table from Dr. A. C. Fieldner, Chief, Fuels and Explosives Division, U.S. Bureau of 
Mines, 1947. Political names are as of the time of the reconnaissance. 

» Mexico has considerable reserves of coal, but estimates are unavailable. Lignite in worth-while 
quantities has been found in Greenland, Labrador, Costa Rica, Panama, Trinidad, and the Dominican 
Republic. 

^ Includes 854 billion tons lignite and 744 tons subbitummous coal. 

• Includes 573 billion tons lignite and subbituminous coal. 

/ Unestimated coal is in Bolivia, Ecquador, Uruguay, and Brazil. 

« Meager reserves are found in Switzerland, Denmark, Iceland, Norway, Montenegro, and Turkey. 

* Includes 111 billion metric tons lignite and brown coal. 

i More recent estimates place Russia in Europe reserves at 114,000 million tons. 


good coking coal; Santa Clara field has anthracite and scmiaiithracito; number of high- 
ash seams in Mixteca district. 

Honduras, Five million metric tons total reserve. All is lignite except one million 
tons of bituminous coal in El Paraiso district. Beds to 4 ft thick have never 
been mined. 

Panama. Very small deposits of lignite. Submarine deposits in Bocas del Toro, 
as well as high-sulphur coals inland. 

South America is apparently deficient in good coal deposits, and very little data are 
available. Probable total reserves 35 billion tons. 

Colombia, 21 billion tons in Cauca and Valle districts; 5 billion in Boyac6 and 
Cundinamarca; 1 billion in Antioquia. Coal ranges from medium-grade bituminous 
to subbituminous. Mines developed only for such local uses as railroads and domes¬ 
tic. Several large unstudied fields have been reported. 

Venezuela. Only 6 million tons. Lignite and subbituminous. Unexplored fields 
reported. 

Ecuador. Negligible amounts reported. Some good coal ranging from lignite to 
anthracite in province of Cafiar. Anthracite at San Antonio de Pomasqui, north of 
Quito. 

Peru. Peruvian coal includes 700 million metric tons of anthracite; considerable 
expansion of this estimate is considered likely. Rather extensive areas running 
through the Andes Mountains; ranging from low-grade bituminous coal to anthracite. 
At Chota, 140 miles from Pacific Ocean, there are four anthracite beds 13 to 65 ft 
thick containing some 700 million tons. Some mines highly gaseous. 

Bolivia, Practically nothing is known of Bolivian reserves. A few outcroppings of 
poor seams on Lake Titicaca. 
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Brazil a country which derives over 60 per cent of its fuel energy from wood and 
charcoal, is said to have total coal reserves of some 380 to 650 million metric tons. Of 
this, approximately 80 per cent is located in the state of Santa Catharina, southiKrest of 
Rio de Janeiro and south of SSo Paulo. In general, the coal ranges from subbitumi- 
nous to medium-volatile noncoking bituminous with some small amounts of semi- 
anthracite in the southernmost state of Rio Grande do Sol. The coals are usually 
very high in inherent ash, correspondingly low in heat value, and high in sulphur. 
Santa Catharina coal, of low- to medium-volatile rank contains 36 to 40 per cent ash 
. and 8 to 12 per cent sulphur in the run of mine. This state has the only known metal¬ 
lurgical coal in Brazil; the Barro Branco seam has strong coking characteristics. 

Argentina. Thin seams of low-grade bituminous coal along border of Andes. 
Albertite, a solid resembling coal but derived from petroleum, is found in the province 
of Mendoza. 

Chile. Coals are near the ocean and easily accessible, making Chile South America’s 
leading producer, although Colombia greatly surpasses it in reported reserves. Coal 
is of bituminous rank; much is of inferior quality. Province of Concepcidn and region 
near Bay of Aruco are yielding best coal. Submarine mines at Penco. 

British Isles. Reserves in millions of metric tons: 11,357 Class A; 178,176 Classes 
B and C. Great Britain is surpassed in production only by the United States and 
Germany. Groat Britain’s coal has been a leading factor in her high industrial and 
commercial position. Because the coal measures of Wales reatih a maximum depth of 
10 to 12 thousand ft, calculations of reserves depend on depth considered recoverable. 

England and Wales, Reserves: about 125 billion tons of all kinds. The more than 
two dozen fields of England and Wales may be grouped into three principal areas, the 
southern, the central, and the northern. The southern, including fields of South 
Wales, Forest of Dean, Bristol, and Kent, produce coal varying from bituminous 
through the well-known Welsh steam coal to anthracite of high quality. The central 
field, including Lancashire, North Wales, Yorkshire, Derbyshire, Nottinghamshire, 
Staffordshire, and Warwickshire, produce 30 to 35 per cent volatile gas coals, some of 
which yield good coke, C’umberland produces a considerable variety of coals such as 
steam, domestic, coking, gas, and manufacturing. Anthracite of the South Wales 
field is characterized by low ash; usually clinkers readily. 

Kent. Good quality, somewhat friable, bulk is steam and domestic, remainder 
coking. 

Lancashire and CJheshire. Almost all in gas coal class; some fair coking. 

Yorkshire. Most extensive, most important field in Great Britain. 

BARNSLEY. High-class steam coal. 

MITCHELL MAIN. Gas coal. 11,500 cu ft. 

Staffordshire. Iron and coal can often be worked from the same pit. 

SHELTON. Some shafts 3,000 ft deep. Blast furnace, steam and domestic coal. 

Durham-Northumberland coking coals in this field unequaled in Great Britain. 

bowers. Steam coal. 

GAREs field. Coking coal. 

wallsend. Domestic coal (known as ^'house coal” in P]ngland). 

bolde:n. Gas coal. 

LITTLE limestone. A well-known seam, 

shilbottle. One of the best domestic coals in northern England. 

Scotland. Reserves about 21 billion metric tons actual reserves. Much high-grade 
bituminous coal and anthracite is mined in Scotland. Cannel coal is abundant in 


iGood, John E., Alvaro Abrett, and Thomas Fraber, The Coal Industry of Brasil, V.S. Bur. 
Mtnea Tech. Paper 713, 1949. 
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some fields, and a peculiar coal known as torbanite, which is a boghead, is mined at 
Torbane Hill, Scotland. 

Ayrshire. A first-class domestic coal. 

^^anthracitized'* KILMARNOCK SEAM. Largfi quantities ^^anthracitized” by 
intrusions of igneous roc*ks. 

Lanarkshire. Most important field of Scotland, h^xcellent domestic coal. 

Fifb-Clackmannon. Second only to Lanark field in importance. 

DUNFERMLINE SPLINT. A wcll-known Scotch coal. 

Ireland, Reserves; 180 million metric tons of actual reserves, of which all but 8 
million tons are anthracitic. The lA;inster field, covering 95 sq miles and containing 
about 150 million tons of good domestic anthracite, is the most important. Others 
are the Bally(;astlc, Tyrone, Jjough, Allen, and Tipperary. 

Tipperary, Upper-Glengoole. An anthracite coal; only 15 million tons reserves. 

Connacht or Argina. Both steam and semianthracite coals arc present with but 
a small amount now being extracted. 

Lough Neagh (('oalisland). A concealc‘d, largely ime^xplored coal field of possi¬ 
ble future value. 

Europe (Continental) contains coal r<;serves of some 600 billion metric tons of which 
47 billion tons are classed as anthracitic and the remainder as bituminous coals to 
lignite. 

Germany contains the largest supplies of coal of any of the European countries. 
The coal is lignite, or Braunkohle (brown coal), and bituminous coal, or Stetnkohle. 
The six main districts are Ruhr, Aachen, Saar, Upper Silesia, I-»ower Silesia, and central 
Germany. Four additional districts contain lignite: Prussia and the north German 
states, Saxony, Bavaria, and Hesse. 

Saar. Hard in structure, adapted to transportation, mining difficult. 

Ruhr. Coal ranges from medium- to high-volatile, and ash varies widely. 

Lower Silesia. Mines faulty and gaseous. Slaty coal; difficult to ignite. 

Upper Silesia. Bulk of coal of first-class coking (quality. Used in iron industry. 

Poland, dabrowa. C5ood fuel coal but inferior for gas and iron making on 
account of long flame. 

crauow. ]\)orest quality; contains large quantities of ash, slate, and moisture. 

France. The most important area is Valenckmnes witli anthraciti' to high-volatile 
bituminous coal. Lignite occurs in an important basin known as Fuveau. French 
deposits are mostly in a large number of small fields. 

Spain. The most important provinces are Asturias and licon in the northwest and 
Tureul in the east. In Asturias a total of 112 ft of coal is broken into as many as 
80 seams. 

Portugal. A small anthracite measure lies near San Pedro de Cova. Medium- 
quality bituminous coal is reported near Tigueira. 

Belgium. This country is comparatively well supplied with high-grade bituminous 
coal. The three fields are Dinant in the south, Namur in the center, and Campine in 
the north. Coal is contained in a series of strata; the upper runs 35 to 45 per cent 
volatile, middle 20 to 35 per cent volatile, and the lower less than 20 per cent. The 
deepest coal mine in the world is at Namur. 

Netherlands. Best known fields are South Liraberg and South Peel. Coals mostly 
lignite and bituminous with much gas coal. 

Denmark, Mines, now abandoned, w'erc on Bornholm Island. 

Iceland, Some coal is mined for local use. (The capital is heated by hot water 
from thermal springs.) 

Sweden. Sweden’s one small coal field is in the province of Skane in the south. 
The coal is high-volatile to subbituminous. 
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Table 1-7. Typical Analyses of Foreign Coals* by Fields 


Origin 


Proximate analysis," 

per cent 

Btu 

Fixed 

carbon 

Volatile 

Ash 

Sul¬ 

phur 

Moisture 

Anthracites'' 







British Isles, South Wales field . 

89 0-92 3 

4 3- 5.8 

17-27 

0 8-1 5 

> 0 9- 1.3 


Irish Free State, Leinster field . . 

91 5,92 3 

4 5, 4 7 

3 2, 3 8 

0 8, 1 5 

Dry basis 

14,076,15,023 

Russia,** import from Black Sea 

89 0-91 3 

2 3-71 

2 9-65 

0 8^3 5 

3 2-35 

13,842-14,600 

Indo-China**. 

82 3-93 5 

3 3-73 

3 1-10 0 

0 6-0 8 

13-24 

13,600-14,630 

Bituminous and Lignite 







British Isles; 







South Wales field. 

72 8-85 5 

10.0-21.2 

2 0-35 

0 7-1 3 

0.9- 1 2 


Kent field . 

03 7-80 9 

14 3 -30 8 

4 1-11 2 

08-1.0 

Dry basis 


Lancashire and Cheshire . 

58 9-70 5 

26 6-36 2 

1 1- 3 6 

0 4-2 4 

11-46 


Yorkshire field 

61 1-64 7 

28 7-35 3 

2 5-45 

0 7-1 6 

0 7- 2.5 


Barnsley . 

64 7 

28 7 

4 1 

1 62 

2 5 


“Mitchell Main” 

04 3 

29 5 

4 5 

1 53 

1 7 


Staffordshire. 

51 6 

35 8 

1 5 


11 3 


Shelton colliery 

64 0 

30 9 

2 5 

0 8 

1 8 


Durham-Northumberland: 







Bowers (steam coal)... 

65 4 

29 4 

2 5 

0 7 

2 7 


Garesfield (coking) 

67 9 

27 7 

3 4 

0 6 

1 0 


Wallsend (domestic) 

59 2 

32 4 

2 0 

1 1 

5 9 


Bolden (gas coal) 

64 7 

31 3 

2 0 

0 9 

2 0 


Little limestone . 

61 3 

32 6 

4 8 

2 0 

1 3 


Shilbottlc . . 

58 0 

33 3 

7 2 

2 9 

1 3 


Scotland: 







Ayrshire 

53 2 

34 1 

2 1 

0 6 

10 5 


Avrshirc semianthracito.. 

83 9 

11 1 

3 2 


1 8 


Lanarkshire 

66 5 

29 1 

2 1 

0 5 

2 3 


Lanarkshire splint 

54 3 

36 2 1 

2 2 


7 7 


Fife-Claekmannon Dunferhne 







splint 

73 6 

24 3 

1 4 

0 27 



Irish Free State: 







Tipperary, Upper Glcngoole 

82 5 

3 7 

13 8 

2 1 


12,284 

Connacht or Arigna 

49 7 

26 8 

23 5 

0 4 


9,708 

Connacht or Angna semian- 



1 




thracitc , 

76 8 

10 0 

7 2 

1 6 


14,033 

Lough Neagh U^oalisland) 

53 2 

29 8 

11 3 

1 7 

5 7 


Eastern Europe, Germany, and 







Poland: 







Saar 

47 0-60 0 

27 5-36 8 

7 0-11 0 


3 0-80 

10,800-12,600 

Ruhr 

50 0-72 0 

18 0-36 0 

4 0-13 0 


2 0-80 

11,000-14,500 

Lower Silesia 

56 1 

25 6 

13 8 


4 5 

11,722 

Upper Silesia . 

45 0-62 0 

28 0-33 0 

3 0-12 0 

1 

2 5- 8 2 

10,800-13,300 

Dabrowa (Poland) 

70 6 -60 4 

15 0-18.0 

0 5-1 24 

0.5-12 

9 2-14 0 

11,000-13,300 

Cracow (Poland). 

45 0-70 0 

16 0-20 0 

2.7-15 0 


6 0-20 0 

8,300-11,000 

France; 







Low volatile .. 


9 0-19 0 

4 0-12 0 

1 0-1 3 


' 

High volatile 


20 0-38 0 

4 0-12 0 

1 0-1 3 



Anthracitic 


7 0-12 0 

1 .3-10 0 

1 0-1 3 



Lignites 


40 

15 0-20 0 

1 0 1.3 



Belgium 


20 0-45 0 





Bulgaria (lignite) 

40 1 

38 0 

7 5 

2 5 

14 3 


Turkey, Eregli Basin 


40 0-45 0 

7 O-ll 0 



13,900-14,600 

South Africa: 







Transvaal .... 

51 0-61 0 

21 0-26 0 

12 0-21 0 

0 5-2 0 

10-60 


Orange Free State 

50 4 

28 4 

15 6 

1 5 

5 6 


Rhoilesia 

66 8 

21 0 

11 5 


0 7 


Natal 







Dundee colliery 

70 5 

16 6 

8 7 

4 2 

0 5 


Navigation colliery 

71 6 

15 2 

11 4 

1 3 

0 5 


Asia: 







India. 



10 0-25 0 




Malay Peninsula 

39 0-41 2 

35.5-38 7 

1.0 5 1 


18.0-21.0 

9,778- 9,989 

China 








1 Hoak, II. M., “The Coal Industry of the World," US. Department of Commerce, Trade Promo¬ 
tion Scries, No. 105, Covcriiment Printing Office, Washington, D.C. 

*» Subject to variation because of different testing methods in different countries, 

^ Includes only the more familiar true anthracites; semianthracites not included because of incon¬ 
clusive nature of many analyses. 

« Correspondence, U.S. Bureau of Mines, Hudson Coal Co., and others. 
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Norway (Spitzbergen). Norway proper has no coal except a little on some of the' 
northern islands. Spitsbergen has considerable good subbitumihous coal mined on 
Advent Bay by an American company, despite ground frozen to 1,200 ft and a 3-month 
shipping season. 

Switzerland, Reserves of probably less than 90,000 tons. Coal has been mined in 
Switzerland^ for over 250 years. 

Bulgaria, Has some anthracite and bituminous in thin irregular seams. 

Hungary. Brown coals or lignites are the only ones of commercial importance. A 
considerable amount of the lignite formerly belonging to Hungary is in Croatia and 
Slavonia. 

Russia, Ix)w-fusion anthracite (approximately 2200otherwise of good quality. 

Turkey (Eregli Basin). (Considerable coal and lignite; possibly anthracite. 

South Africa. Transvaal. Coal fields cover about 5,000 sq miles. 

Orange Free State. Noncoking, fairly good steaming. 

Rhodesia. Cood coking, excellent steaming. 

Natal, Has anthracitic characteristics, excellent steaming, high sulphur. Well- 

known collieries are Dundee and 
Navigation. 

Asia. India. High ash finely dis¬ 
seminated through the coal. One-third 
of the coal is coking. 

Malay Peninsula. Noncoking, fair 
steaming quality. 

China. Third ranking country in the 
world in coal reserves, range from lignite 
through anthracit(\ 


World Petroleum Reserves 


According to the “World Oil Year¬ 
book,’^ published in February, 1948, the 
world grand total of proved oil reserves 
was estimated at 61,913,652,000 bbl as of 
Dec. 31, 1947. The annual number of the 
Oil and Gas Journalj published Jan. 29, 
1948, shows the world’s total as 
71,312,000,000 bbl for Dec. 31, 1947. 
The latter figure is nearly 10 billion bbl 
higher than the first named estimate. 
This difference is explained by a statement 
that the lower figure does not include 9 
to 10.5 billion bbl of “indicated and 
probable” reserves in the Middle East, which were omitted to make the table com¬ 
parable on the same classification basis as that of the API for the United States. 

The New Oil Fields of Western Canada^ 

The oil strike of western Canada began in 1947 at Leduc, north of Calgary, Alberta. 
In October, 1948, a second field was opened at Red water, 35 miles northeast of Edmon¬ 
ton and only 50 miles from the Leduc field. These two fields, plus strikes in the sur¬ 
rounding area, add up to one of the major North American oil developments of recent 

1 Time, Aug. 29, 1949, p. 28. 


Table 1-6. Estimated Proved Crude- 
oil Reserves of the World^ 

(As of Jan. 1, 1947) 


Country 

Billions 
of bbl« 

Per cent 
of total 

North America. 

21.9 

32.7 

United States. 

20 9 

31 2 

Canada. 

h 

h 

Mexico. 

0.9 

1.3 

South America . 

8.2 

12.2 

Veneauela. 

7 0 

10 0 

Colombia. 

0 5 

0 7 

Europe. 

8.2 

12.2 

U.8.S R. 

7 6 

11 3 

All others. 

0.6 

0 9 

Asia. 

28.4 

42.4 

East Indies. 

0 9 

1 3 

Iran, Arabia, Iraq, Kuweit 

27 3 

40 7 

Africa. 


0.1 

World total. 

67.0 

100.0 


1 Compiled by Dr. A. C. Fieldner, Chief, Fuels 
and Explosives Division, U.S. Bureau of Mines, 
January, 1948, 

* 42-Kal barrels. 

> Leduc field not included. 
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years. Alberta’s known reserves are now estimated at 1 billion bbl,. with possible 
total reserves of several times this. 

Leduc Field. Estimated reserve: 250 million bbl. 

Redwater Field. Estimated reserve: 300 million bbl, with 136 nrodtie i^ wells Xaf| 
of Aug. 29, 1949) and now wells being brought in at the rate of 45 a month. 

The 890 wells in the province of Alberta have a capacity of 100,000 bbl a |his » 
expected to expand to 300,000 by 1951. However, they are producing only ^,000 
bbi daily, with many of the new wells being choked back as they are brought in. This 
is because of lack of facilities for bringing the oil to large markets at prices competitive 
with current sources of supply and is thus subject to remedy by the construction 
now pipe lines. 

MINERAL-FUEL RESERVES OF THE UNITED STATES^ 

The United States is fortunate in having large reserves of all types of mineral fuels 
in solid, liquid, and gaseous form. The coal reserves, excluding those of Alaska, but 
including lignite, were estimated by the Federal Geological Survey at 3.2 trillion net 
tons as of Jan. 1, 1947. However, these survey estimates represent all coal and 
lignite underground, much of which is not recoverable by foreseeable methods of 
mining. As of July, 1948, Dr. Fieldner^ estimated the recoverable reserves as 50 per 
cent of the total reserves. Even so, and after allowing for the replacement of all other 
fuels by coal after the exhaustion of the former. Dr. Fieldner estimates a life expect¬ 
ancy of over 700 years at present rate of utilization, as will be discussed later in this 
chapter. 

The total reserves of coal in the United States are thought to be from 40 to 50 per 
cent of the world reserves (all ranks of coal). 

The proved reserves of petroleum in the United States as of Jan. 1, 1946, were 
estimated at 20.8 billion bbl by the Committee on Petroleum Reserves of the API. 
This is about 35 per cent of the proved world rc'serves. 

The proved reserves of natural gas have been subject to a rapid upward revision 
from year to year, and even from estimate to estimate. The latest available estimate 
by the Committee on Natural Gas Reserves of the AG A places the proved recoverable 
reserves at 160.5 trillion cu ft as of Dec. 31, 1946. Very few data are available on the 
world reserves of natural gas. 

In addition to these fuel reserves, D. E. Winchester of the Federal Oil Conservation 
Board has estimated a potential reserve of 92 billion bbl of oil obtainable from the 
distillation of oil shale in the United States. This amount is more than four times the 
present proved petroleum reserve. 

Differences in Methods of Estimating Reserves. There is an important difference 
between the estimates of natural gas and petroleum on the one hand and those of solid 
fuels on the other. Only the proved reserves are given for liquid and gaseous fuels. 
These are increased each year by new discoveries and extensions of fields and are 
decreased by the year’s production. Since 1940, the petroleum reserve has increased 
only 2 million bbl; during the same period the estimates of natural-gas reserves 
increased from 80 to over 160 trillion cu ft. Undoubtedly much more oil and gas will 
be discovered in the United States, and in this respect these fuels differ from coal and 
oil shale. 

Solid-fuel reserves are estimated from geological measurements of thickness and 
extent of deposits obtained from surface outcroppings, trenching, explwatory tunnels, 

1 Fibldner, Dr. A. C., Chief, Fuels and Explosives Division, U.S. Bureau of Mines, Mtch, Eng,, 
March, 1947, pp. 221-226, 228. Original material revised for this handbook, with figures and com¬ 
ment supplied by Dr. Fielder on July 7, 1948. 
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shafts, and drill cores. While no great accuracy can be claimed for these estimates, 
future exploration is not likely to add greatly to the solid-fuel reserves. 

Relation between the Reserves of Mineral Fuels. All evidence points to very 
much larger reserves of coal than of oil and gas, as shown in Table 1-9 and Fig. 1-9, 
where all the mineral fuels are expressed in equivalent tons of 13,000 Btu coal. The 
total jof all ranks of coal amounts to 1,277 billion tons of 13,000 Btu coal, whereas the 



Noturalgas 
6.2 billion tons 

Petroleum 
4.8 billion tons 


Shale oil 
21 billion tons 


Anthiacite 
7 5 billion tons 


Low volatile 
bituminouscool 
28 billion tons 


Fig. 1-9. Estimated recoverable mineral fuel reserves of the United States as of Jan. 1, 
1947. All fuels expressed in equivalent tons of bituminous coal of 13,000 Btu per lb calorific 
value. Medium-volatile bituminous coal is distributed between high- and low-volatile 
coal. (1 small square = 1 billion tons.) (Compiled by A. C. Fieldner, Chief, Fuels & 
Explosives Division, U.S. Bureau of Mines, January, 1948.) 


proved petroleum reserve is equivalent in heating value to only 4.8 billion tons of coal, 
and the proved natural-gas reserve is equivalent to 6.1 billion tons. P^xcluding 
fissionable material, coal comprises 97.5 per cent of our mineral-fuel energy reserves. 
Oil shale amounts to 1.6 per cent, natural gas to 0.5 per cent, and petroleum to 0.4 
per cent. 


Estimate of Life Expectancy of Fuel Reserves of the United States.^ 

Assuming that yi ton of 13,000-Btu coal is required to produce 1 bbl of oil and that 
H 5 ton of 13,000-Btu coal is required to produce 1,000 cu ft of 1,000-Btu gas, then to 

' By A. C. F 1 EI.DNSR, Chief, Fuels and Explosives Division, U.S. Bureau of Mines. Based upon 
Dr. Fieldner's Table 1-9. 
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TaU« 1-9. Estimated Recoverable Mineral-fuel Reserves of the United States 

(As computed by Dr. A. C. Fieldner, January, 1948) 



Reserve, 
Jan. 1, 
1947 

Assumed 

Equivalent billions of net tons 
of 13,000-Btu bituminous coal" 

ReselTve 

Pud 

annual 

produc¬ 

tion 

Reserves, | 
Jan. 1,1947 

Per cent 
total re¬ 
serves 

1 

Assumed 

annual 

produc¬ 

tion 

by annual 
produc¬ 
tion 

Anthracite, billions of net tons 
Low-volatile bituminous, billions of 

7 5 

0.060 ; 

7 3 

0.6 

0 059 

124 

net tons** . 

High-volatile bituminous, billioiib of 

26 

0.115 

28 

2.1 

0 124 

226 

net tons**. 

675 

0.467 

701 

53 5 

0 485 

1,445 

Siibbituminous, billions of net tons 

409 

0.014 

299 

22 8 

0 010 


Lignite, billions of net tons 

Total, all ranks of coal, billions of 

470 

0.004 

242 

18 5 

0 002 


net tons. 

1,687.5 

0.660 

1,277 ’ 

"“97~5“ 

0 680 

1,878 

Petroleum, billions of barrels'" 

20.9 

1.73 

4 82 

0.4 

0 399 

12 1 

Oil from shale, billions of barrels 

92 

1 73 

21 2 

1 6 

0 399** 

53 1 

Natural gas, trillions of cubic feet*' 

160 

4 1 

6 15 

0 5 

0 157 

39 2 

Total, all fuelb. 



r.'soo' 


1.236 " 

1,059 ’ 


« Heating values used in conversion, anthracite, 12,700 Btu per lb, low-volatile bituminous coal, 
14,000; high-volatile bituminous coal, 1.3,6(K); subbituiiiinous coal, 9,500, lignite, 6,700; crude petroleum, 
6,000,000 Btu per bbl; gas, 1,000 Btu per cu ft 

Includes some medium-volatile coal. 

‘ Proved reserves only. 

^ Not included in the total. 

supj)ly a current annual production of 1.73 billion bbl of crude petroleum and 4.1 tril¬ 
lion cu ft of natural gas will require the conversion, respectively, of 865 and 373 million 
tons or a total of 1,138 million tons of 13,000-Btu bituminous coal. 

This amount added to the 680 million tons of coal now produced per year would 
raise the total production of equivalent 13,000-Btu coal required per year to produce 
all the consumption of solid, liquid, and gaseous fuels from 680 to 1,818 million tons 
per year—nearly three times the present production. 

In round numbers, 58 years^ is the life of all oil, oil-shale, and natural-gas reserves 
as sources of the assumed annual production of oil and gas, given in Table 1-9. 

In these 58 years the total coal production at the assumed annual rate of 0.680 
billion tons of equivalent 13,000-Btu coal would he 58 X 0.68 = 39.44 billion tons, 
thus reducing the coal reserves to 1,277 — 39 — 1,238 billion tons. 

Now, 1,238/1.818 ~ 681, the years of life of coal reserves as exclusive sources 
of coal, oil, and gas after proved petroleum-oil shale and natural-gas reserves are 
exhausted; and 681 + 58 = 739 years, the total life expectancy of all fuel reserves at 
present assumed rates of consumption. 

Location of Coal Reserves of the United States 

Of the 3.2 trillion net tons of total coal reserves and 1.6 trillion net‘tons of recover¬ 
able reserve* in the United States, less than 10 per cent has been exhausted because of 
mining and loss in mining. 

The United States coal reserves are, for the most part, readily available because of 
their shallow depth and accessibility to transportation. This is especially true of the 

14.82 + 21.2 + 6.15 
0.399 -f 0.157 “ 

2 U.S. Geological Survey as of Jan. 1, 1947, and an assumption of 50 per cent as recoverable ooaL 
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Appalachian region, which not only contains high-grade coal but is closest to the 
Atlantic seaboard and therefore more available for oversea trade. In contradistinc¬ 
tion to this advantage, the average haul of American coal from mine to ship is very 


Table 1-10. Percentages of Various 
Ranks of Coal Comprising Total Coal 
Reserves of the United States^ 

Per Cent of Total Reserves 
in Equivalent Tons of 
Rank 13,000>J?<u Coal 


Anthracite. 

. . 0 

5 

Low-volatile bituminous. 

... 2 

5 

High-volatile bituminous. ... 

... 55 

0 

Subbituminous. 

... 23 

0 

Lignite. 

... 19 

0 

Total. 

.. .100 

0 


1 Fibldnsr, a. C., The National Fuel Reserves, 
Mech. Eng., March, 1947, p. 221. 


much longer than that of British coal, 
which rarely exceeds 20 miles. 

The minimum thickness of beds 
included in the Geological Survey estimate 
of reserves is 14 in. for bituminous and 
anthracitic coals, 2 ft for subbituminous 
coal, and 3 ft for lignite. Coal beds lying 
more than 3,000 ft below the surface were 
not included in the estimates. 

On the basis of energy content, the 
total coal reserves are distributed among 
the different ranks of coal in the propor¬ 
tions indicated in Table 1-10. 


Coal-bearing Areas of the United States.^ The coal-bearing areas of the United 
States have been divided by the U.S. Geological Survey into six main provinces 
designated as the Eastern province, Interior province, Gulf province, northern Great 



I I Lignite 

Fig. 1-10. General location of the coal fields of the United States. (CooZ Age, AprU, 
1943.) 


Plains province. Rocky Mountain province, and Pacific Coast province. The prov¬ 
inces are subdivided into coal regions, coal fields, and coal districts. 

The Eastern province, which contains probably nine-tenths of the high-rank coal of 

» Campbbll, M. R., and Others, The Coal Fields of the United States, U.S. Geol. Survey, Profess. 
P^l^ “The Coal Industry o! the World,” U.S. Department of Commerce, Trade Promotion 

Senes, N<^ 105, Government Frinting Office, Washington, D.C., 1930. 
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the country, embraces the anthracitic regions of Pennsylvania and Rhode Island; the* 
Atlantic Coast region includes the Triassic fields of Virginia and North Carolina; and 
the Appalachian region extends from northern Pennsylvania into Alabama, and also 
comprises considerable areas of Ohio, Maryland, Virginia, West Virginia, eastern 
Kentucky, Tennessee, and Georgia. The Appalachian region may be regarded as a 
huge depository of bituminous and semibituminous coals of the l^hest rank.* 

The Interior province includes all the bituminous areas of the Mississippi Valley 
region, and the coal fields of Texas and Michigan. This province is subdivided into 
the northern region, containing only the coal field of Michigan; the eastern region, 
comprising the fields of Illinois, Indiana, and western Kentucky; the western region, 
embracing the coal fields of Iowa, Missouri, Nebraska, Kansas, Arkansas, and Okla¬ 
homa; and the southwestern region in Texas. With the exception of the semianthra¬ 
cite coal of Arkansas and high-rank bituminous coal of Oklahoma, the coals of this 
province do not compare favorably in quality, as a whole, with those of the Eastern 
province. But, owing to its vast resources, good mining conditions, and proximity to 
large markets, there have b(*en notable developments and a continuous expansion of 
output. 

The Gulf province is subdivided into the Mississippi region in the east and the 
Texas region in the west. The former embraces the lignite fields of Alabama, Louisi¬ 
ana, and Mississippi; and the latter those of Arkansas and Texas. Up to the present, 
the Gulf province coal resources have been commercially unimportant, the mining of 
lignite being carried on only at a few points west of the Mississippi to furnish fuel for 
domestic use and for manufacturing purposes. liast of the Mississippi, however, 
there has been no such incentive, as coal of excellent quality is mined in great abun¬ 
dance within easy reach. Much of the lignite of the Gulf Coast is rich in volatile 
matter and is regarded as a form of cannel coal, particularly above Laredo, Tex., where 
it has been mined for several years as a cannel coal of bituminous rank. In 1925, the 
estimated original reserve of Texas lignite was placed at 23,000,000,000 tons and of 
bituminous coal at 8,000,000,000 tons, of which considerably less than 75,000,000 tons 
has been mined. 

The northern Great Plains province includes all the coal fields of the CJreat Plains 
east of the eastern front range of the Rocky Mountains. Included are the immense 
lignite areas of the two Dakotas, the estimated original reserves of which total 600,- 
000,000,000 tons, and the bituminous and subbituminous fields of northeastern 
Wyoming and northern and eastern Montana. Vast areas with tremenduous ton¬ 
nages are included, but the coals are of low rank, with the ex(!eption of a few basins 
adjacent to the mountains. 

The Rocky Mountain province comprises the coal fields of the mountainous districts 
of Montana and Wyoming, and all the coal fields of Utah, Colorado, and New Mexico. 
It possesses a greater variety of coals, ranging from lignite to anthracite, than' any 
other province in the United States. Some of the best grade coals occur mainly in 
Colorado, which contains the largest and most important fields of bituminous coal 
west of the Missouri River, and in Utah, Wyoming, and New Mexico. Although 
considerable progress has been made, vast areas still await further exploitation. 

The Pacific Coast province is not divided into regions, being limited largely to the 
state of Washington, which contains the largest coal fields on the Pacific Coast, but 
also embracing small fields in Oregon and California. Reserves of the former were 
estimated in 1925 at 54,442,000,000 tons, while those of the latter stood at only 
23,000,000 tons. The largest coal area lies south of Tacoma and extends southward 
across the Columbia River a short distance into Oregon. While some of these coals 
are bituminous, the great bulk possesses the characteristics of subbituminous. 
Largely because of the coals of higher rank nearby and in Vancouver Island, and also 
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because of a high percentage of ash in Washington coals, development has been 
retarded. 

The coals of Oregon and California rank somewhat lower than those of Washington. 
Oregon's coal reserves are very limited, more than two-thirds is subbituminous, it is 
difficult to mine, and much of it lies below sea level. Tlie remaining third is bitumi¬ 
nous and coking coal, but it is shaly and dirty in some localities. California coals con¬ 
sist mainly of noncoking bituminous coal in the southern part of the state, lignite in 
the northern, and subbituminous in the center. Since the coal fields arc limited in 
area as well as widely scattered, the immediate future holds forth little prospect that 
('alifornia will become a worth-while coal-mining state. 

To review the (ioal reserves of the United States, the East dominates in quality, th© 
West in quantity. Considered from the viewpoint of quantity only, the heaviest coal 
reserves in the United States occur in the three Western areas knowm as the northern 
Great Plains, Rocky Mountain, and Pacific ('oast provinces, whose deposits far sur¬ 
pass in quantity those of the two Eastern provinces. In fact, the Fort Union region 
of Wyoming, Montana, and the Ihikotas possesses the largest quantity of coal known 
in any single coal-b(‘aring area, aggregating 1,104,103,000,000 tons. The next great¬ 
est nvserve art^a is that of the Green River region of Wyoming and C'olorado, with 
deposits amounting to OOr),640,000,000 tons. The third is that of the Appalachian 
region of the East with res(*rves totaling 550,989,000,000 tons. 

Nevertheless it is in the Eastern and Interior provinces that the real wealth of coal 
lies. Approximately 98 per cent of all United States anthracite, and the best steam¬ 
ing coal, the sernibiturninous, is limited practically to the two Eastern provinces. The 
coals of the central and northern fields of the Appalachian region supply the bulk of 
the coke jiroduced, furnish power for concentrated industrial activities, constitute the 
heaviest portion of our shipments to C'anada, and provide most of our exports. 

Table 1-11, Coal Reserves of Various Ranks Distributed by Provinces’ 


(Billions of net tons) 


Provinces 

Anthracitic 

Bituminou.s 

Subbituminous 

Lignite 

Totals 

Eastern. ... 

iri 1 

52ri 2 



540 3 

Interior 

0 2 

508 0 


0 1 

508.3 

Northern Great Plains, Rock> 






Mountain, and Gulf 

0 1 

360 3 

763 9 

939 4 

2,063 7 

Totals 

15 4 ~ 

1,3935 ! 

763 9 

939 5 

3,112 3 


^ Fibldner, a. C., The National Fuel Reserves, Mech, Eng., March, 1947. 


Distribution of Reserves, by Types of Coal. Only one-third of the total tonnage of 
coal and lignite reserves occurs in the Eastern and Int(*rior provinces. Two-thirds is 
found in the Great Plains and Rocky Mountain provinces. 

However, there is a great difference in rank between the Eastern and Western coals. 
Practically all the Eastern and Interior province coals, except the anthracitic coals, 
are caking bituminous coals; and the Appalachian region coals are strongly coking. 
This region supplies most of the coking coals used in the United States. On the other 
hand, 80 per cent of the Great Plains and Rocky Mountain coals are subbituminous 
and lignite. 

Most of the bituminous coal in the Western states is free-burning and noncaking. 
Relatively small deposits of coals suitable for the production of metallurgical coke 
occur in the Trinidad-Raton field of southern Colorado and northern New Mexico, 
the Sunnyside beds in the Cast legate field of Utah, and in Pierce and Kittitas Counties, 
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Washington. Some of the coals aFe slightly caking but do not become plastic enough 
to form coke that is sufficiently strong for use in the iron blast furnace. 

In general, anthracite and coking coals of metallurgical grade occur in the Eastern 
province, coking coals of lower grade and lower bituminous rank in the Interior prov¬ 
ince, and noncaking coals of lignitic, subbituminous, and bituminous rank in the Great 
Plains and Rocky Mountain provinces. 

Type of Reserves by States. Pennsylvania coals are largely bituminous, with 98 
per cent of the country’s reserves of anthracite. All of West Virginians coals are 
bituminous, including low-, medium-, and high-volatile bituminous coal. West 
Virginia has the greatest reserves of the best grade and highest rank of bituminous coal 
of any state in the Union; Pennsylvania is second. Illinois has the greatest tonnage 
of bituminous coal, but it is inferior in grade and rank to the Appalacdiian coals. The 
coals of Illinois, Iowa, Missouri, Kansas, w'estern Kentucky, and Indiana are inferior 
to the Appalachian coals for the production of metallurgical coke and are but little 
used for this purpose. The Ohio coals grade between the Illinois and West Virginia 
coals. 


Table 1-12. Distribution of Solid-fuel Reserves of the United States^ 

(In billions of not tons) 


Order of 
reserves 

State 

Anthracitic 

Bituminous 

coal 

Subbitumi¬ 
nous coal 

Lignite 


Alabama 


66 5 




Arkansas . 

0 2 

1 3 


0 1 

3 

Colorado 

0 1 

212 6 

104 0 



Georgia 


0 9 




Idaho and Oregon 


0 7 

1.8 


5 

Illinois 


197 2 




Indiana 


51 8 




Iowa 


28 7 




Kansas 


29 6 



7 1 

Kentucky 


121 0 




Maryland 


7 7 




Michigan 


1 9 




Missouri 


83 6 



4 

Montana 


2 6 

62 9 

315 5 


New Mexico 


18 8 

1.9 



NortJi Carolina 


0.1 



2 

North Dakota 




600 0 


Oliio 


91 7 




Oklahoma 


54 7 



8 

Pennsylvania 

14 9 

65 6 




South Dakota 




1 0 


Tennessee 


25 2 




Texas . 


8 0 


22 9 


Utah 


87 9 

5.2 



Virginia 

0 5 

20 6 




Washington 


11 2 

52.4 


6 

West Virginia 


110 5 



1 

Wyoming 


30 3 

590 0 



Total 

15.7 

1330 6 

818 0 

939.5 


Grand total _ , 3,103 billion tone 

1 Hkndrickb, T. a., U.S. GeoloKical Survey, from Senate HearinKs on InvestiRation of National 
Resources before a Subcommittee of the Committee on Public Lands and Surveys, 80th Cong., Ist 
sess., May, 1947, pp. 232-235. 


On a Btu basis, Wyoming has the largest reserves, with 590 billion tons of sub- 
bituminous coal and 30 billion tons of bituminous coal. North Dakota is second on 
the heat-value basis with 600 billion tons of lignite; Colorado is third with 213 tons of 
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bituminous coal and 104 billion tons of aubbituminous coal; and Montana la fourth 
with 316 billion tons of lignite, 63 billion tons of subbituminous coal, and 3 billion tons 
of bituminous coal. These four states contain 51 per cent of the nation^s energy 
reserves in the form of coal and lignite. 


Table 1-13. Comparison of Coal Reserves of Certain States^ 

iBillions of net (2,000 lb) tons] 


State 

U.S. Geoloidcal 
Survey 

State geological survey 

Tons 

Minimum 
thickness 
of bed, in. 

Tons 

Minimum 
thickness 
of bed, ft 

Per cent 
of 

U.S.G.S. 

Illinois 

197 8 

14 

167 0 

2 

84 

West Virf^inia ... ... 

147 7 

14 

113 5 

1 

77 

Pennsylvania bituminous . 

103 3 

14 

75 0 

1 

73 




41 3 

2 

40 

Pennsylvania anthracite... 

15 0 


15 8 


105 

Kansas 

29 7 

14 

17 6 

V 

59 


1 Compiled by Dr. A. C. Fieldner, Chief, Fuels and Explosives Division, U.S. Bureau of Mines, 
January, 1948. 



Fig. 1-11. Known oil-producing areas of the United States. Pools are shown by total 
general area included without attempt to define individual separate pools. {Power, 
September, 1944.) 


Petroleum Reserves of the United States 

The almost static position of the petroleum reserves in the United States has become 
a matter of great concern and much speculation as to the future. It is true that the 
proved reserves, 20,827,000,000 bbl in 1946, are the (then) highest in the history of the 
country. However, for the six years 1940 to 1946, the annual rate of increase was 
only 390,000,000 bbl. Offsetting this gain, the use of oil for space heating rose 50 per 
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1937 1938 1939 1940 1941 1942 1943 1944 1945 1946 1947 

■I Petroleum reserves remolning at beginning of yeor 
^ Annual extension ond revisions of fields previously discovered 
S Reserves of new fields discovered each year 
1^ Total annual production 

Fig. 1-12. History of United States petroleum reserves, 1937 to 1946, inclusive. (Com¬ 
piled by A, C, Fiddner^ January^ 1948.) 


Table 1-14. Estimated Proved 
Reserves of Liquid Hydrocarbons^ 

(In millions of barrels as of the beginnings of the 
years shown) 



1 Proved Reserves of Crude Oil, Natural Gas 
Liquids, and Natural Gas, Joint Report of AGA 
and API, Dec. 31. 1946, p. 12. 

« LPG *» liquefied petroleum gas. 

^ Data not available. 


Table 1-16. Estimate of Proved Oil 


Reserves by States, 1946^ 

(Million barrels) 

Eastern states. 77S 

Illinois .... 350 

Indiana. 41 

Kentucky .. . . 57 

Michigan . 64 

New York 81 

Ohio. ... 30 

Pennsylvania 110 

West Virginia. 39 

Central and Southern states. . . 16,676 

Arkansas 304 

Kansas . . 542 

Louisiana 1,690 

Mississippi . 267 

New Mexico * . . . 512 

Oklahoma . 890 

Texas 11,470 

Mountain states . 968 

Colorado 260 

Montana 108 

Wyoming ... . 600 

Pacific Coast states. 8,410 

California . 3,410 

Other states . 2 

Total United States. . 80,887 

1 “ Minerals Yearbook,” U.S. Bureau of Mines, 

1045. 
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cent in the two postwar years to an all-time high of 320 million bbl; and automotive 
vehicles rose 45 per cent in 10 years to a 1948 rate of 670 million bbl. Obviously a 
static, or nearly static, reserve supply in the face of rapidly rising demand and con¬ 
sumption can only result in a depletion of domestic reserves unless bolstered by 
importation of foreign oil, restricted by more economical or frugal use, or supplemented 
by synthetic oils. In 1948 our imports exceeded exports (174 as against 154 million 
bbl) for the first time. 

With reserves at 20.8 billion bbl^ and current consumption at approximately 1.8 
billion bbl a year, it is obvious that our present reserves are sufficient for only 12 years. 
However, it is inconceivable that no new discoveries will be made, and as their extent 
is entirely a matter of speculation, as is the question of future demand, it is impossible 
to predict the future with even a reasonable degree of accuracy. 

Natural-gas Reserves of the United States 

The Committee on Natural Gas Reserves of the AG A released its first annual report 
on proved recoverable reserves in 1946 to cover the year 1945. These figures for 1946 
are shown in abbreviated form in Table 1-16. 


Table 1-16. Estimated Proved Recoverable Reserves of Natural Gas in the 

United States^ 

(As of Dec. 31, 1946) 


State 

Millions of cu ft® 

Nonassociated 

Associated 

Dissolved 

Total 

Alabama. 



97 

97 

Arkansas . ... 

447,651 

162,276 

261,735 

871,662 

California 

3,687,430 

3,198,714 

4,240,157 

11,126,301 

Colorado 

155,440 

41,075 

119,248 

315,763 

Illinois ... 

3,000 

55,000 

210,000 

268,000 

Indiana 

4,000 

8,000 

5,000 

17,000 

Kansas 

13,257,617 

212,310 

210,917 

13,257,617 

Kentucky 

1,299,000 


87,000 

1,386,000 

Louisiana 

18,323,314 1 

2,697,126 

1,391,071 

22,411,511 

Michigan 

76,200 i 


54,800 

131,000 

Mississippi 

1,731,821 

446,098 

192,594 

2,370,513 

Montana 

853,401 



853 401 

Nebraska. 



1 

1 

New Mexico 

3,079,900 

2,132,9ii 

691,975 

5,904,786 

New York 

69,000 


900 

69,900 

Ohio 

573,000 


41,000 

614,000 

Oklahoma 

7,572,279 

1,589,538 

1.574,028 

10,735,845 

Pennsylvania 

453,000 


50,000 

503,000 

Texas 

62,345,192 

15,282^025 

8,736,242 

86,363,459 

West Virginia 

1.739,000 


101,000 

1,840,000 

Wyoming 

693,191 

235,176 

107,230 

1,035,597 

Florida, Missouri, and Utah 

76,900 


321 

77,221 

Total. 

116,440,336 

26,060,249 

18,075,316” 

160,575,901 


' Minerals Yearbook, U.S. Bureau of Mines, 1946 preprint. Reserves of dissolved gas were esti¬ 
mated jointly by Committee on Natural Gas Reserves, AGA, and API Committee on Petroleum 
Reserves. 


® Volumes are reported at pressures of 14.65 psia and at a standard temperature of 60°F, 


Proved reserves of natural gas, as defined by the committee, '^include the gas in 
both the drilled and undrilled portions of the fields. The undeveloped areas (con¬ 
sidered to have proved reserves are those so located with respect to the field g(‘ology 

I An unofficial estimate in The Lamp (Esso Standard Oil Co.) for March, 1948, places 1947 reserves 
plus natural-gas liquids at 24,700,000,000 bbl. 
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and structure that production therefrom is virtually assured. Recoverable reserves 
of natural gas are the reserves estimated to be producible under existing operating 
practices.” 

Types of Natural-gas Reserves. The three types into which natural-gas reserves 
have been divided are defined as follows: 

1. Nonassociated gas is free gas not in contact with crude oil in the reservoir. 

2. Associated gas is free gas in contact with crude oil in the reservoir. 

3. Dissolved gas is gas in solution in crude oil in the reservoir. 

Effect of Pressure on Gas Reserves. As natural gas is compressible the pressure at 
which reserves are calculated is an important factor in determining quantities. The 
AG A uses 14.65 lb abs at 60 °F. 



DeGolyeTy from Federal Power Commiseiorij Docket G580, Exhibit 445.) 

Location of Fields and Extent of Reserves.^ As natural gas is inherently a limited 
and exhaustible resource, primary importance attaches to the extent and location of 
reserves, both existing and in prospect. 

Figure 1-13 shows the distribution of natural-gas reserves in the United States and 
emphasizes the extent to which these reserves are heavily concentrated in the Appa¬ 
lachian, Mid-Continent, Gulf Coast, and California areas. This concentration is 
further demonstrated in the inset of Fig. 1-14, showing that the Southwest area 
accounts for nearly three-fourths of all the presently known reserves of natural gas. 

Figure 1-14 shows the growth of proved reserves of natural gas within the period 
1920 to 1945. In 1920 the then known reserves amounted to only some 15 trillion 
cu ft. Subsequent estimates shows a steady rise of proved reserves to 145 trillion 
cu ft at the beginning of 1946. It must be noted that these can only be rough approxi¬ 
mations by experts, accurate and final figures being utterly impossible, even though 
scientific methods of estimating have greatly improved in recent years. 

1 Federal Power Commission, Statement on Natural Gas for the House Committee on Interstate 
and Foreign Commerce with Reference to House Joint Resolution 2 on Disposition of the Big Inch and 
Little Big Inch Pipe Lines, Jan. 23. 1947. 
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1915 1920 1925 1930 1935 1940 1945 1950 


Fig, 1-14. Natural-gas reserves in the United States vs. net production. (Note: Presen¬ 
tation similar to PAW Chart 26 in report “ Natural Gas and Its Products During the War.” 
by James E. Pew.) (Federal Power Commiaeion, Docket G580, Exhibit 445.) 



The trend of future discoveries is essentially uncertain. It is considered unlikely, 
however, that important deposits will not continue to be found. 

Rate of Productipn as Related to New Discoveries. Despite very substantial and 
almost uninterrupted increases in marketed production, the additions which have 
been made to reserves have substantially exceeded net production in each 5-year 
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period since 1920. The net additions to reserves, moreover, were greatest in the 
recent period from 1941 to 1945, wherein the additions to reserves amounted to about 
80 trillion cu ft as compared with net production of some 20 trillion cu ft. As a 
consequence, the '^reserve life index'* of the gas fields has increased from some 15 
years in 1920 to 30 years in 1945. The direction of this trend in the future will 
depend upon the ratio of additional proved reserves to the volume of net production. 

Marketed Production of Natural Gas. Trends in the marketed production of 
natural gas, for the United States and by regions, over the period 1906 to 1944, are 
shown in Fig. 1-15. It is shown that the marketed production increased from less 
than 700 billion cu ft in 1921 to over 3,700 billion cu ft in 1944. Most of this increase 
is accounted for by the Gulf Coast region, although substantial increases were also 
made in other regions. 

Long-distance Transmission of Gas. The development of long-distance transmis¬ 
sion lines to move natural gas from its concentrated sources of supply to industrial 
areas, which began in about 1928, has reached a point where over 1 trillion cu ft of 
gas yearly moves to distant markets in 33 states and the District of Columbia. 
Figure 9-5 shows the constant growth of this pipe-line mileage. 




CHAPTER 2 


GENERAL CHARACTERISTICS OF SOLID FUELS' 


Classification of Coals by Rank. 34 

Petrographic Constituents of Coal. 34 


Types of coal. Practical effects of various properties of coal. Fusibility of coal 
ash. Ash-softening temperatures and ash composition. Underfeed stokers. Pul¬ 
verized coal. Water-gas sets. Composition of coal ash. Friability and size 
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Miscellaneous Solid Fuels. 48 

Torbanite. Byerite. Parrot coal. Horn coal. Carbonite. Albertite. Graphite. 

1 Grindability and drying, being procesaea of preparation rather than characteristics, are treated in 
separate sections. 

Whenever possible to separate the material, the characteristics of the several fuels have been treated 
in the respective individual chapters. 
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Table 2-1. Classification of Coals by Rank^ 

(F.C. = fixed carbon. V.M. “= volatile matter) 


Class 

Group 

Limits of fixed carbon or Btu 
mineral-matter-free basis 

Requisite physical 
properties 

I. Anthracite 

1. Meta-anthracite 

2. Anthracite 

3. Semianthracite 

Dry F.C. 90% or more (dry V.M. 
2 % or less) 

Dry F.C. 92% or more and less 
than 98% (dry V.M. 8% or less 
and more than 2 %) 

Dry F.C. 86 % or more and less than 
92% (dry V.M. 14% or less and 
more than 8%) 

Nonagglomerating" 

II. Bituminous^ 

1. Low-volatile 

2. Medium-volatile 

3. High-volatile A 

4. High-volatile B 

5. Iligh-volatile C 

Dry F.C. 78 % or more and less than 
86% (dry V.M. 22% or less and 
more than 14 %) 

Dry F.C. 69 % or more and less than 
78% (dry V.M. 31% or less and 
more than 22 %) 

Dry F.C. less than 69% (dry V.M. 
more than 31%). Moist Btir 
H.OOO** or more 

Moist'' Btu 13,000 or more and less 
than 14,000'* 

Moist Btu 11,000 or more and less 
than 13,000'* 

Either agglomerating 
or non weathering*’ 

III. Subbituminous 

1. Subbitiiminoua A 

2. Subbituminous B 

3. Subbituminous C 

Moist Btu 11,000 or more and less 
than 13,000'* 

Moist Btu 9,500 or more and less 
than 11,000'* 

Moist Btu 8,300 or more and less 
than 9,500'* 

Both weathering and 
nonagglomerating 

IV. Lignitic 

1. Lignite 

2. Brown coal 

Moist Btu less than 8,300 

Moist Btu less than 8,300 

Consolidated 

U n consolidated 


1 Standard Specifications for Classification of Coals by Rank (ASTM D388-38, ASA M20.1-1938). 
This classification does not include a few coals that have unusual physical and chemical properties 
and that come within the limits of fixed carbon or Btu of the high-volatile bituminous and subbitu- 
ininous ranks. All these coals either contain less than 48 per cent dry mineral-matter-free fixed carbon 
or have more than 15,500 moist mineral-matter-free Btu. 

« If agglomerating, classify in the low-volatile group of the bituminous class. 

* It is recognized that there may be noncaking varieties in each group of the bituminous class. 

« Moist Btu refers to coal containing its natural moisture but not including visible water on the sur¬ 
face of the coal. 

Coals having 69 per cent or more fixed carbon on the dry niineral-matter-free basis shall be classified 
according to the fixed carbon, regardless of Btu. 

• There are three varieties of coal in the high-volatile C bituminous coal group, wtz., variety 1, agglom¬ 
erating and non weathering; variety 2, agglomerating and weathering; variety 3, nonagglomerating 
and nonweathering. 


PETROGRAPHIC CONSTITUENTS OF COAL 

According to the U.S. Bureau of Mines, ^ coal is composed essentially of three classes 
of constituents—anthraxylon, attritus, and fusain. 

Anthraxylon (vitrain in British nomenclature) occurs as glossy black bands in 
bituminous coal that represent undisintegrated but coalified trunks and limbs of trees 
and plants, and portions thereof. Some of the original plant cell structure is revealed 
in thin sections under the microscope. Anthraxylon (vitrain) is the principal con- 

» V, S. Bur. Mines Tech. Paper 666, pp. 11—17, 1944. 
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stituent of bright coals, and numerous anthraxylon bands can usually be seen in a 
lump of bright coal. 

Attntus is the ground mass of plant debris in which the anthraxylon bands or 
strands are embedded. In thin sections the attritus is translucent, opaque, or of 
various gradations between these limits. Numerous remains of plant entities may 
be recognized in translucent attritus when magnified 100 diameters or more. Chief 
among these are spore and pollen exines (coats), cuticles of leaves and stems, resin 
particles, and remains of algae in boghead coal. Opaque attritus is virtually opaque 
to transmitted light in medium-thin sections under the microscope, but as the sections 
are ground thinner more of the constituents become translucent, although some always 
remain opaque, no matter how thin the section may be ground. Next to fusain, 
opaque attritus seems to be the most inert constituent of coal. 

Fusain is the black, fibrous, charcoallike material, also known as mother of coal or 
mineral charcoal, which is found in various ranks of coal in lenses and layers of all 
sizes, from those visible only at high magnification to those 2 in. or more in thickness. 

Types of Coal 

The petrographic types of coal, as defined in U.S. Bureau of Mines practice, are 
given in Table 2-2. 

The bright coals comprise the greater part of the nation’s coal reserves and some¬ 
times are referred to as “common banded coals.” In thin sections, the numerous 
anthraxylon bands are seen to be separated by translucent attritus. The latter may 
consist of any of the constituents previously mentioned, such as leaves, spores, resins, 
cuticles, and translucent degradation matter. The bright coal corresponds to the 
coal referred to in English nomenclature as vitrain plus durain. 


Table 2-2. Types of Coal by Petrographic Constituents^ 


Types of Coal 

Relative quantity of an¬ 
thraxylon and attritus 

Nature of attritus 

Structure of coal 

Bright 

Anthraxylon predominating 
to attritus predominating 

Translucent attritus pre¬ 
dominating, opaque attri¬ 
tus present 

Banded; bright luster 

Sernisplint 

Anthraxylon and attntus 
m more or less equal pro¬ 
portions 

Translucent attritus and 
opaque attritus in about 
equal proportion 

Compact; finely banded 

Splint. 

Attritus predominating 

Opaque attritus predomi¬ 
nating; translucent attri¬ 
tus (especially spores) 
present 

Banded; compact; hard; 
irregular fracture; dull lus¬ 
ter 

Canncl. . . 

Almost dll attritus 

Translucent attritus (often 
spores) to opaque attritus 
predominating 

Compact; hard; conchoidal 
fracture; dull luster; non- 
banded 

Boghead 

Almost all attritus 

Translucent attritus (oil 
algae) predominating; 
opaque attritus present 

Compact; hard; conchoidal 
fracture; dull luster; non- 
banded 


1 Fibldnbr, a. C., and Associates, Research on the Hydrogenation and Liquefaction of Coal and 
Lignite, 17.5. Bur. Mines Tech. Paper 666, p. 12, 1944. 


Splint and Semisplint Coals. Splint coals (durain in British nomenclature) com¬ 
monly have a dull luster, grayish-black color, and compact structure. They are 
hard and tough and break with an irregular, rough, sometimes splintery fracture into 
large lumps and slabs that stand transportation remarkably well. They are char¬ 
acterized by a semiopaque to opaque ground mass or attritus, whereas the bright-coal 
sections have a ground mass or attritus that is predominantly translucent. 
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If the content of opaque attritus ranges from 20 to 30 per cent the coal is classified 
as semispUnt; if more than 30 per cent, it is classified as splint coal. 

Cannel and boghead coals are clean, nonbanded, compact, blocky coals of massive 
structure and uniform fine-grained texture. Usually they are dark gray to black, 
display a greasy luster, and have a noticeably conchoidal or shell-like fracture. 
As shown in thin sections under the microscope, these coals are composed almost 
entirely of attritus, with very few bands of anthraxylon. The attritus may comprise 
a wide variety of components, such as spore and pollen exincs, anthraxylon debris, 
oil algae, and opaque constituents. The preponderance of one or two constituents 
usually deiermines the type. 

Boghead-cannel coals have chemical properties similar to those of spore-cannel 
coals but differ microscopically in having an appreciable quantity of oil algae in addi¬ 
tion to the spores and other constituents of a normal cannel coal. If the oil algae 
comprise nearly all the ground mass, the coal is termed a boghead coal. 

Practical Effect of Various Properties of Coal^ 

Coal is a complex mixture of organic and inorganic materials. The chemical 
identity of only a few of these components is known. That the mixture must be 
variable in composition is evidenced by the wide variance in the properties of different 
coals. In fact, coals vary from one another by such impreceptible gradations of the 
several properties that the number of combinations is infinite. Some of these prop¬ 
erties vary in known relation to each other, while others vary quite independently. 
Because of all such factors, the interpretation of laboratory tests on coal is extremely 
complex and, in fact, nearly always resolves itself into a matter of the relative perform¬ 
ance or value of one coal as compared with another. The interpretation of laboratory 
tests on coal is rendered still more difficult by the wide variety of conditions to which 
coal is subjected in use. It thus becomes a problem of relating different combinations 
of properties of coal to a great variety of combinations of conditions of use. 

In a most comprehensive attempt to correlate these several factors the National 
Association of Purchasing Agents made a study of several years^ duration leading to 
the report Factors Recommended for Consideration in the Selection of Coal.” 
This is reprinted here in its entirety by permission of the association as Tables 15-10 
to 15-19. While the use of specific figures in the report would have had obvious 
advantages, this was found to be impossible because of the complexity of the study. 
The several properties of coal are thus graded as to relative importance in relation to 
many uses and conditions of use. 

Relative Effect of Properties of Coal Dependent upon Plant Characteristics. The 

effect of variation in any one or combination of physical and chemical properties of 
coal is likely to be relatively small within limits determined by the physical charac¬ 
teristics of each plant. As these limits are approached or exceeded, the adverse effect 
becomes rapidly more pronounced. For this reason, the relation of the properties 
of coal to the capacity at which a plant must be operated is often of paramount 
importance, and in general is of greater importance in selecting coal for existing plants 
than are variations in efficiency or operating cost. 

Plant Characteristics of Major Importance. The temperature of the fuel bed and 
furnace, and the rate at which coal must be burned per square foot of grate or per 
cubic foot of furnace constitute the principal factors determining the relative impor¬ 
tance of the properties of coal. The following plant characteristics should be given 
particular attention: 

iQovld, G. B., in “Symposium on Significance of Tests of Coal,” ASTM, Proc», vol. 87, Part II, 
pp. 341-466, 1937. 
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1. Furnace volume and design 

2. Grate area 

3. Water cooling of walls and amount of radiant heating surface ^ * 

Any deficiency in furnace volume or grate area, or in equipment for crushing, pul¬ 
verizing, or feeding of fuel, tends to accentuate the importance of the chemical and 
physical properties of coal. 

Factors Affected by Properties of Coal 

The several properties of coal ma 3 ’' singly or in combination affect either (1) the 
efficiency of the plant, (2) its operating cost, (3) its maximum output, or (4) any com¬ 
bination of these. 



Fig. 2-1. Classification of coals of the United States by rank. {Note: The range of values 
are as shown between the two curves.) 


Calorific Value. Of all laboratory tests applied to coal, the calorimetric test is the 
only one which provides a measure of its intrinsic value as a fuel. The result, as 
expressed as either British thermal units (United States and Great Britain) or calories 
per gram (metric countries),^ in addition to being the only quantitative measure of 
the energy value of coal as a fuel, has a relation also to the operating cost and maxi¬ 
mum steam output of a plant. Variations in Btu in a given plant are ordinarily of 
primary importance from the standpoint of the total energy received and usually of 
only secondary importance for their effect on operating cost or capacity. However, 
this varies greatly among plants, since in a large steam station, operating all or part of 
its units at maximum capacity, coal having a lower Btu might necessitate operating 

1 Definitions as found under Thermal Value of Fuels, p. 363, show basically that 1 Btu equals the 
amount of heat required to raise the temperature of 1 pound of water 1 degree Fahrenheit; 1 gram- 
calorie, 1 gram of water 1 degree Centigrade. 
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more units, or result in failure to meet the maximum demand. The great majority 
of industrial plants have a margin of imused capacity which is greater than the ordi¬ 
nary variations in Btu. Failure to carry the load is more often due to the effects of 
some of the other properties of the fuel. 

In comparing two coals of different Btu the handling costs of both coal and ashes 
must be taken into consideration. 

Relation between Btu and Rank of Coal. It is desirable to understand, in a general 
way, the relation which exists between the Btu and the rank of a coal, even though the 
Btu per pound of “pure” coal, which is a theoretical abstraction, has no direct appli¬ 
cation in the interpretation of a coal analysis. This is shown in Fig. 2-1, where it will 
be seen that the Btu, volatile matter, fixed carbon, and moisture are all interrelated. 

As the percentage of volatile matter rises, the Btu per pound of pure coal first rises 
and then declines. Up to about 35 per cent volatile matter (dry mineral-matter-free 
basis), variations in the natural bed moisture (inherent moisture) are small, and the 
percentage of volatile matter is the primary indication of rank, and correspondingly 
of the range of Btu per pound of pure coal. From about 35 per cent volatile matter 
upward, the amount of natural bed moisture increases substantially, becomes a 
significant indicator of rank, and correspondingly decreases the Btu value. 

The reason for the relation between the Btu value and the percentage of volatile 
matter is that, while the Btu value of fixed carbon remains constant, that of the 
volatile matter varies considerably according to its composition. 

In general, the coal from a given mine has a characteristic Btu value for the pure 
(ash-free) coal, but there are differences among the sizes, especially the very small 
sizes, from the same mine. This is due to the fact that the coal is not homogeneous 
and the smaller size^ may contain a disproportionate share of the more friable material, 
notably fusain, which is relatively low in Btu value. 

From a geographical standpoint, the lowest percentage of volatile matter is found 
in the most easterly of our coal beds, and rises westward to the Mississippi River. 
Beyond the Mississippi, coals with a wide range of volatile are found in close proximity, 
notably in Oklahoma, Arkansas, Colorado, and Washington. In the East, there is a 
gap between the semianthracite and the lowest volatile bituminous coal, from about 
11 per cent volatile matter (dry mineral-matter-free basis) to about 14 per cent. 
Otherwise the progression from low to high volatile is continuous. 

Moisture. Moisture must be considered both for its effect on plant performance 
and for its relation to other measurements and calculations. 

Moisture in coal affects the efficiency of a steam-generating unit directly, only to 
the slight extent of the heat content of the steam resulting from its evaporation, at the 
temperature of the flue gases at the exit of the steam-generating unit. This loss is 
approximately 0.1 per cent of efficiency for 1 per cent of moisture in the coal. 

High surface moisture, moisture mechanically retained on the surface of the par¬ 
ticles or between them, adversely affects the performance of some pulverizers, chiefly 
by reducing their capacity. Its importance depends upon the closeness of the opera- 
ing capacity to the maximum capacity of the pulverizer. 

The addition of surface moisture to coking coals before firing has a distinct bene¬ 
ficial effect on the structure of the fuel bed, particularly in the absence of mechanical 
agitation as on traveling grates. Observations indicate a higher efficiency, as yet 
to be measured, resulting from the greater uniformity and porosity of the fuel bed, 
and an increase in the rate of ignition. 

“Tempering” Coal by Wetting. For some types of combustion, particularly on 
traveling- or chain-grate stokers, a certain percentage of moisture is useful in temper¬ 
ing the fire to produce such improved combustion conditions as a reduction of carbon 
loss to the ashpit and a reduction .of clinker. 
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According to Combustion Engineering^ the moisture content of bituminous coal for 
such stokers should lie between 14 and 18 per cent as fired. As this is usually con¬ 
siderably above the '^as-received content,” moisture must be added, preferably at 
least 12 hr before the fuel is burned (to allow time for the moisture to permeate the 
lumps as well as the fines). 

With anthracite, a lower percentage is used, with probable maximum efficiencies 
at about 4 per cent. In reporting the effect of dust, Stenger stated that "wetting the 
dust-bearing coal practically doubled the air flow. With anthracite, moisture beyond 
12 to 14 per cent may lead to difficulties in capacity, efficiency, and ignition.” 

The use of steam introduced through small pipes in the hopper or coal chutes is 
more effective than spraying the fuel in the hopper with water at the last minute. 
Steam jets in the incoming air streams have also been used effectively for the same 
purpose. 

High surface moisture, on the other hand, may adversely affect the flow of coal in 
bunkers, spouts, and other conveying devices. Difficulties due to freezing are also 
magnified. 

The capacity of coal to retain surface moisture is determined chiefly by the size of 
the pieces and the uniformity of size. For example, the amount of moisture normally 
retained by the several commercial sizes of anthracite rises as the size diminishes. 
Because of the relatively wide range of sizes, the capacity of bituminous coal to retain 
surface moisture is greater, but it also offers greater resistance to the penetration of 
moisture in transit or storage. When such coal is rehandled during a heavy rain, it 
may pick up a comparatively large amoimt of water, which it will then stubbornly 
retain during subsequent storage. 

High surface moisture in combination with sulphur promotes corrosion of all metal 
surfaces with which the coal comes in contact during transportation or storage. 

With the exception of anthracite, where an arbitrary allowance for moisture is 
made in weighing coal at the mines, it is common commercial practice to ignore the 
percentage of moisture in the coal at the time railroad-c.ar weights are determined. 
Whatever the moisture content is at that time, it is billed to the buyer as coal. 

The use of water cleaning may add to moisture content of a coal, but methods are in 
use to dewater the coal after cleaning. 

The inherent instability of the moisture content of coal introduces a practically 
inescapable probable error in calculations of steam-plant performance of at least 1 per 
cent, and in many cases twice as much, unless the moisture is determined from samples 
taken and sealed at the time the coal is weighed to the boilers. 

Ash Content. Ash is the incombustible mineral material which remains after the 
coal has been burned. It is not identical with material commonly referred to as 
"ashes” or "refuse” which are materials as removed from the furnace and invariably 
containing proportions of unburned coal. 

As the proportion of ash increases, the proportion of heat-producing material 
decreases, and the Btu per pound of a given coal diminishes proportionately. 

The effect of a lower or higher Btu content due to ash content should properly be 
considered under heading of Btu. 

Adverse effect on efficiency is found chiefly in the case of solid-fuel beds, resulting 
from the entrainment of carbon by the ash, but in all plants ash may affect efficiency 
by fouling th# heating surfaces. 

High ash, owing to the additional bulk of material that must be handled to deliver 
a given number of Btu, reduces the capacity of all fuel- and ash-handling and fuel¬ 
burning equipment. Capacity may also be reduced by fouled heating surfaces, 
reduced draft, or reduced efficiency. 

Operating costs are also influenced by the percentage of ash, because of additional 
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quantities of fuel and refuse to be handled and disposed of; erosion by fly ash of equip¬ 
ment between the furnace and the stack; increased cost of power and maintenance of 
pulverizers; and increased cost of cleaning. 

The percentage of ash has a much greater relative effect on the amount of refuse to 
be handled than on the amount of coal used. For example, in using 5 and 10 per cent 
ash coals, the latter will involve the handling of more than twice as much refuse, while 
the amount of coal used will be only 5 per cent greater. 

Likewise the effect in the fuel bed is proportionate not to the amount of coal being 
consumed but more nearly to the amount of incombustible material present. 

Decrease in Efficiency Due to Increased Ash Content. Data derived from a study 
of 400 steaming tests conducted by the U.S. Geological Survey in 1904 to 1906 indi¬ 
cate that the drop in efficiency of boiler and furnace is approximately 0.20 per cent 
for each 1.0 per cent increase in the ash. These were all hand-fired boilers at low rates 
of combustion. 

More recent tests on chain-grate stokers by B. M. Thornton, of Imperial Chemical 
Industries, Ltd., England,^ resulted in somewhat similar conclusions. The results 

were interpreted as showing about of 
1 per cent decrease in efficiency for each 1 
per cent increase in ash content. In 
cases where the loss of carbon in ashes 
is not carefully controlled, and where the 
coal is of such poor quality that appreci¬ 
ably greater draft is required to maintain 
output, the effect on efficiency may be 
somewhat greater. 

This relationship refers only to the 
effect of ash through entrainment of 
unburned fuel. It does not mean that 
of two coals differing in percentage of 
ash, as well as in other properties, the 
efficiency of the steam-generating unit 
will necessarily be lower with the coal 
having the higher percentage of ash. 
Other properties, such as size or coking 
characteristics, may nullify the higher ash 
loss through lower dry-flue-gas losses. 

Effect of Undersize in Coal. Figure 2-2, based upon tests by L. A. Stenger,^ shows 
the rate of air flow through coals having different percentages of dust content. The 
shape of this curve serves as an illustration of the accepted fact that uniformity of 
sizing is one of the most important points in connection with the combustion of some 
types of coal, most particularly the small sizes of anthracite. With more than 20 per 
cent undersize, the resistance of the fuel bed to the flow of air rises so rapidly as to 
change all combustion characteristics completely. 

With anthracite, the effect of dust is severalfold. It is difficult to maintain a uni¬ 
form fuel bed because of the segregation of fines and the consequent blowing of holes 
in the fire; and the fines impede the flow of air to increase any tendency toward 
clinker and reduce combustion rates. In addition, fly ash and siftings^re usually in 
direct proportion to the quantity of fines. 

With certain types of bituminous-coal firing, fines are also of importance, particu¬ 
larly if they are present in the form of dust. In such cases as underfeed and multiple- 

1 Grumelt., E. S., The Evaluation of Fuel from the Consumers’ Viewpoint, J. Inst. Fuel, August, 
1932, p. 361. 

2 “Finding and Stopping Waste in Modern Boiler Rooms,” The Cochrane Corp., Philadelphia. 



Fig. 2-2. Relative air flow through coal of 
varying dust content. {Cochrane Corp.^ 
Philadelphia.) 
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retort stokers, such fines tend to limit capacity, produce spotty fires due to segrega¬ 
tion, and aggravate any tendency to clinker. 

In analyzing undersize content, an important point that is frequently overlopked is 
that the character of the fines is equally, if not even more, important than their per¬ 
centage. Thus, if a given percentage of fines is almost all dust, serious difficulties 
may ensue; if, however, a large percentage of the fines is just slightly under the mini¬ 
mum screen size, considerably better results may be secured. It is thus suggested 
that sizing tests be reported with sufficient detail to permit an appraisal of their nature. 

For example, in reporting the undersize in No. 2, or rice anthracite, undersize could 
be expressed in the three fractions; 

1 . Per cent of No. 3 buckwheat (through over % 2 ) 

2. Per cent of No. 4 buckwheat (through %2 over ? 64 ) 

3. Per cent of No. 5 buckwheat (through %^) 

Such a report would show whether the undersize is mostly dust, or whether it is 
merely a mixture of rice and barley, which would be expected to give better results. 

Volatile Matter and Fixed Carbon. Small differences in the percentage of volatile 
matter are usually of little significance in practice. 

Pure coal (moisture- and mineral-mattcr-free) is empirically divided between 
volatile matter and fixed carbon. That portion of the coal which is driven off as 
gas by heating (to 950*^0 for 7 min) is considered the volatile matter. The remainder, 
exclusive of moisture and mineral matter, is considered to be the fixed carbon. This 
is a laboratory method for distinguishing between that part of the coal which burns as 
a gas, and that part which is burned as a solid. 

As a practical matter, coal constitutes a mixture of fuels, each one having distinct 
chemical and physical properties. The proportions of gaseous and solid-fuel constit¬ 
uents of coal vary over a wide range from anthracite with the lowest percentage of 
volatile, through the bituminous coals, to lignite and finally peat. 

The proportion of total heat value contributed by the volatile matter in bituminous 
coals will range from about 25 to 40 per cent. Since the heat produced by the volatile 
matter is quickly available, the higher volatile coals are generally considered more 

flashy and better adapted to meeting sudden increases in load. Other properties 
of coal, however, such as the coking characteristics as they affect the porosity of the 
fuel bed, the size of the coal, and the ignition temperature of the solid part of the fuel, 
also affect this adaptability to sudden demand. 

The consideration of volatile matter is a consideration of major importance in coal 
selection in plants inadequately designed for the prevention of smoke (see The Forma¬ 
tion and Prevention of Smoke, page 454). 

Viewed solely from the standpoint of the percentage of volatile matter, those coals 
having the higher percentage of volatile matter are better adapted to burning in 
pulverized form. Other properties of coal which vary independently of the volatile, 
such as grindability, percentage of moisture, and the coking or noncoking nature of 
the coal, also affect its adaptibility to pulverizer service and in particular cases may 
substantially modify this broad generalization. 

The percentage of volatile matter, in combination with other determinations, . 
serves to identify a coal with a certain section of the coal fields, a group of mines, a 
seam, or its rank. 

In ordinary commercial practice the percentage of fixed carbon carries no direct 
significance of its own. Being essentially the complement of the percentage of vola¬ 
tile matter, the latter serves as an indication of the two factors 

Sulphur in coals ^ occurs mainly as sulphide of iron, commonly known as pyrites, 
and as organic sulphur. A small amount of it also occurs as sulphates. 

1 Kribbinoeb, Henry, in “Symposium on Significance of Tests of Coal,” ASTM Proc, vol. 37, Part 
II, p. 369, 1937. MM.-- 
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In a boiler furnace the sulphide of iron generally burns to iron oxide and SO2 or SO3. 
In a reducing or partly reducing atmosphere all the iron and sulphur may not be com¬ 
pletely oxidized, and some ferrous sulphide, low oxides of iron, or even metallic iron 
may be formed. The organic sulphur also burns to SO2 or SO3, which are gases and 
pass with the gaseous products of combustion to the stack. It is believed that some 
one-third of the sulphur burns to SO3, which at temperatures up to about 300 °F can 
combine with water vapor (condensed) to form sulphuric acid. 

Corrosion. The products of the oxidation and decomposition of the sulphur com¬ 
pounds are corrosive and may accelerate the deterioration of all metallic parts with 
which they come in contact. This includes both the coal- and ash-handling equip¬ 
ment. Generally the higher the proportion of water vapor in the products of combus¬ 
tion the more serious is the corrosion of such parts as economizers, air heaters, flue 
ducts, and steel stacks. 

Air Pollution. The products of combustion and decomposition of sulphur com¬ 
pounds flowing out of the stack add an obnoxious odor to the waste gases, thus adding 
to the objection of polluting the air. Sherman^ also points out that a similar pollution 
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Fig. 2-3. Relation between percentage of sulphur in coals and ash-softening temperature 
(Pennsylvania coals). {Chart is based upon analyses by W, A, Selvig and A. C. Fieldner 
contained in ''Fusibility of Ash from Coeds of the United States/* U.S. Bureau of Mines, 
Bulletin 209, 1922.) 


of gases that back up from the stoker hopper can be equally objectionable. Breath¬ 
ing such polluted air is unhealthy and irritating. Sulphur gases are also destructive 
to metals, stone, concrete, and to paint; they are also destructive to plant life. 

In the London district of England, power plants are required by law to remove the 
sulphur compounds from stack gases before they are discharged into the atmosphere. 
Although similar legal steps have not been reported in the United States, sulphur in 
fuel does constitute a serious phase of air pollution. 

Clinkering. While the exact part played by sulphur in clinkering and slagging is 
controversial, there is little doubt that sulphur, and particularly the pyrites form, is a 
contributing factor. 

The sulphur and the iron with which the sulphur is combined are apt to lower the 
softening temperature of the ash, thereby aggravating clinker in the fuel bed, slagging 
of the furnaces, and slagging and fouling of the heating surfaces. Figure 2-3, plotted 
from analyses of Pennsylvania coals in U,S. Bureau of Mines Bulletin 209, shows that 
coals of high softening temperature usually have low sulphur content but that not all 
Ipw-sulphur coals have high-fusion-temperature ash. However, most high-sulphur 


1 Shbbman, R. a., Battelle Memorial Institute. 
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coals have low-softening-temperature ash. Although no definite relation can be 
deduced, the chart justifies the statement that sulphur is at least a contributing factor 
in the formation of clinker and slag. 

Slagging and fouling of the heating surfaces require frequent operation of soot 
blowers and lances, usually reduce steaming capacity by hindering both combustion 
and heat absorption, and damage the grate and furnace to increase maintenance costs. 

Sulphur in Pulverized-coal Furnaces. liecause of the uniform distribution of the 
pyrites and other sulphur compounds in pulverized coal, together with such other 
factors as high furnace temperatures, slagging is often aggravated in this type of 
equipment. Nicholls^ also called attention to difficulties in slag-tap furnaces due to 
sulphur. Particles of ferrous sulphide reach the bed of molten slag without being 
oxidized; being denser than the slag, they sink and form a molten mass. When the 
furnace is tapped, the molten sulphide may be exposed to the air, where it will burn, 
causing very objectionable and, in some instances, dangerous conditions. Nicholls 
also pointed to frequent difficulty because of molten masses of metallic iron at the 
bottom of the beds of stag-tap furnaces, and he attributed this to ferrous sulphide. 
He felt that particles reaching the surface of the bed, together with particles of carbon, 
were reduced to iron; this iron, being denser than the sulphide, sinks too low to be 
removed by tapping and ultimately has to be drilled out. 

Pyrites Stalactites. Instances have been encountered where concentrations of 
pyrites in the coal caused the formation of stalactites hanging from the grates, and 
of such size that shutdowns for chipping were necessary. 

Effect of Sulphur on Storage. While the exact effect of high sulphur on storage 
troubles is also somewhat controversial, here again it is undoubtedly at least a con¬ 
tributing factor in spontaneous combustion. 

Fusibility of Coal Ash.^ Determination of fusibility of coal ash consists of melting 
a cone of the ash to a fluid state under specified conditions.* Three critical tempera¬ 
tures are observed during the test: 

1. Initial Deformation Temperature. The temperature at which the first rounding 
or melting of the point of the cone begins. Warping, shrinking, or bloating should 
not be confused with the true initial rounding or melting. 

2. Softening Temperature. The temperature at which the molten mass of the cone 
becomes a spherical lump. This temperature is the most important because it is the 
most easily reproduced in the laboratory and is also most easily compared with the 
conditions existing in the fuel bed of the furnace. It is sometimes incorrectly called 
the ^^ash fusion^* or ‘Tusion temperature.^^ 

3. Fluid Temperature. The temperature at which the molten mass of the cone has 
spread out into a flat layer over the refractory base. 

The softening temperature of coal ash from coals of the United States^ ranges from 
1900 to 3110°F. For convenience, the order of fusibility may be expressed by divid¬ 
ing this range into three classes: 

Class I. Refractory ash, softening above 2600°F. 

Class II. Ash of medium fusibility, softening between 2200 and 2600®F. 

Class III. Easily fusible ash, softening below 2200°F. 

Ash-softening Temperatures and Ash Composition.® (See also Clinker Formation 
and Control, Chap. 11, page 374.) Although the fusibility of ash gives an indication 

1 Nicholls, Percy (deceased), formerly Supervising Engineer, U.S. Bureau of Mines Experiment 
Station, Pittsburgh. 

* Analyses of Pennsylvania Anthracitic Coals, U.S. Bur. Mines Tech. Paper 659, p. 41, 1944. 

» ASTM, Standards, Part III, 1942, pp. 29-32. 

* Selvig, W. a., and A. C. Fieldner, “Fusibility of Ash from Coals in the U.S.A.,’* U.S. Bur. Mines 
Bull. 209, 1922. 

6 Gauger, A. W., in “Symposium on Significance of Tests of Coal,” ASTM, Proc., vol. 37, Part II, 
1937. 
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of possible clinker and slag trouble, it is generally agreed that it is not a positive 
criterion, because no simple direct correlation with ash-softening temperature has 
been found. This is not surprising in view of the fact that the temperatures in the 
fuel bed of a modern power plant are hot enough to soften the ash of almost any coal. 

In the standard test for ash-softening temperature, there is a tolerance of consider¬ 
able magnitude in test results. Thus the permissible variation on a given sample in 
the same laboratory is 30°C (54®F) and, as between different laboratories, 50®C (90®F). 
It is thus obvious that correlation between performance and laboratory results cannot 
be expected to recognize differences in ash-softening temperatures of less than 180°F. 

A second factor is the variation in the coal samples themselves. Morrow and 
Proctor,^ after an intensive study, reported that, in the case of car samples, if a suffi- 
cierU number of samples are takeUf the probable error will be well within the tolerance 
of the standard test but that the maximum deviation between individual samples may 
be as high as 500®F for certain sizes. 

As a result of an intensive study, Nicholls and Selvig^ reported that the tendency 
to form clinker for the average of all tests for each coal used has a very general relation 
to the softening temperature of the ash but that values for individual coals departed 
materially from the average curve, (bals having ashes whose fusion temperature 
was at the low or high end of the ash-fusion-temperature scale conformed to the aver¬ 
age more closely than did those in the center having softening temperatures of 2400 
to 2600‘^F. 

S. II. Viall is quoted as having determined that analysis of at least 20 samples of a 
commercial shipment of a given size of coal is required before a reasonably close aver¬ 
age value can be obtained for that coal. 

A third factor is the variation in the mineral matter as contained in coal. Mineral 
composition is related in a complex way to the ash-softening temperature; and also in 
a complex way to clinker formation. Unfortunately, however, there are few data on 
the latter. 

A fourth factor is the different chemical compositions of ash, which may result in 
the same ash-softening temperatures but which may also result in slags of widely 
different fluid properties. Thus silica and alumina may be looked upon as the 
refractories in the ash, whereas the predominant fluxing materials are lime and iron 
oxide. 

However, despite the lack of direct correlation, as has been pointed out by Nicholls 
and Selvig, no other single factors for the fusibility of the ash would give any better 
coordination than does the ash-softening temperature. 

Other factors which should be given weight as determining the tendency to clinker 
(apart from equipment considerations) include size of coal, size consist of coal, its 
caking and coking characteristics as affecting the paths of the ash through the fuel 
bed, and the proportion of the ash which is segregated in lumps. 

The significance of ash fusion as related to individual classes of equipment is sum¬ 
marized as follows: 

Underfeed Stokers. It is emphasized that many factors in addition to the softening 
temperature play equally important roles in the formation of clinkers. 

Gould and Henderson, and more recently Tobey, plotted the relationship between 
softening temperature and clinker trouble. (Fig. 2-4). It was the experience of these 
authors that, within this band, the probability of escaping clinker was proportionate to the 
distance to the upper limit and vice versa. Clinker was almost invariably encountered at 
or below the lower limit and practically never encountered at or above the upper limit. 
The chances for clinker were about even at the center line of the shaded zones. The data 

1 Morrow, J. B-, and C. P. Proctor, Variables in Coal Sampling, Proc, AIME, vol. 116, pp. 227-269, 
1936. 

* Nicholls, P,, and W. A. Sslvio, “Clinker Formation as Related to the Fusibility of Coal Ash,” 
U,S, Bur. Mines Btdl. 364, 1932. 
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were derived from industrial steam plants of 1,000 to 5,000 bhp, a good proportion of which 
were equipped with underfeed stokers. They were operated with about 12 per cent 
carbon dioxide and used coals from the northern Appalachian region (Goqld) in run-of-mine 
or slack size. Introducing a larger amount of excess air would permit the- use of lower 
fusion point coal at the expense of efficiency. A refractory arch or Dutch oven would 
act in reverse to cause clinker with higher fusion coals, etc. The tendency to form clinkers 
will increase as the density of the fuel bed increases. A higher combustion rate can there¬ 
fore be obtained without clinker trouble with a given fusion point with coal which has been 
screened to exclude the fines. Tobey used both high- and low-volatile coals from the 
Eastern and Southern fields. It must be stressed that these results are those for specific 
conditions which might vary considerably in other instances. For example, Gould states 
that Middle Western coals, particularly those from Illinois, do not conform in practice 
to the relationship shown in the chart (Fig. 2-4). He states that, for a given combustion 
rate, the Illinois coal will not cause clinker trouble, with a fusing point at least 200®F lower 
than coals of similar size from the northern Appalachian field. 


Fig. 2-4. 
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It appears that coals which do not coke strongly form another exception. Furnace 
design, firing practice, and ash composition may also affect the clinkering point. 

Bennett and Her beck* described a water-cooled underfeed stoker which successfully 
burns a coal of ash-softening temperature of 1900°F at a rate of 52 psf of air-admitting 
surface per hour. Careful air distribution might accomplish the same results because of 
the cooling effect on the grates. Rosin^ concluded that control of temperature in the 
fuel bed and in the gases of the combustion chamber, control of atmosphere, and control 
of motion of fluid slag offer the weapons of firing technique against the clinker problem. 

Pulverized Coal. In the case of pulverized coal, the trouble experienced is mainly due 
to slag formation on the water tubes and to the slagging of the refractories in the com¬ 
bustion chamber. Pulverized-coal installations are of the dry-bottom and the slag-tap 
types. Whereas coals with a high ash-softening temperature might command a premium 
in stoker or dry-bottom equipment, they would be useless in the slag-tap installation. 
Just the reverse would be true in the case of coals with low ash-softening temperature. 
Bailey and Hardgrove^ state that '‘the slag-tap furnace can be successfully used for all 
coals where the ash has a fusing temperature below 2500°F.” 

Many factors are involved in the successful burning of coal in pulverized-fuel installa¬ 
tions. The composition and softening temperature of the ash are in general less indicative 
of possible trouble than are furnace and slag-pit construction and furnace rating. 

To maintain the boiler-tube bank in a slag-free condition, the temperature of the gases 
entering the boiler-tube bank should approximate the fusion teniperature of the ash. 
Temperatures somewhat higher are permissible in some cases, depending on the spacing 
of the first few rows of tubes and the number of vertical rows of tubes. 

Iron sulphide seems to be a disturbing element with some slag-tap installations. 

1 Bknnett, J. S., and C. J. Herbeck, Design and Development of a Watercooled Underfeed Stoker, 
Mech. Eng., December, 1935, pp. 761-765. 

s Rosin, P., The Asli Problem in Combustion, Zehnte technische Tagung des deutschen Braunkohlen- 
Industrie-Vereins, E. V., April, 1931, Braunkohle, vol. 31, pp. 628—644, 1931. 

» Bailey, E. G., and R. M. Hardgrove, The Slag-tap Furnace and Its Effect on the Selection of Coal 
for Burning in Pulverized Form, Proc. 3d Intern. Conf. Bituminoue Coeds, vol. 2, pp. 349-369, 1931. 
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Water-gas Sets. In the operation of the blue-gas generator the alternate blasting and 
steaming of the fuel causes a temperature cycle that reaches a maximum at the end of the 
blast and a minimum at the end of the run. Since clinker is formed by the solidification 

Table 2-8. Heat Release at Various Ash-fusion Temperatures^ 

(Btu per cu ft of furnace volume per hr) 


Ash-fusion temperature, deg F 


Wall construction 

2200°F 
and below 

2200- 

2400°F 

2400- 

2600®F 

Above 

2600®F 

Solid walls 

Never 

12,500 

15,000 

15,000 

Air cooled walls 

12,000 

15,000 

17,500 

18,500 

Water-cooled bottoms 

16,000 

17,500 

20,000 

22,000 

Water walls . . . 

17,500 

22,000 

30,000 

32,000 

Complete water-cooled furnace 

19,000 

24,000 

32,000 

36,000 


1 Gattobr, a. W., in “Symposium on Significance of Tests of Coal,” ASTM^ Proc., vol. 37, Part II* 
1937. 

of a fused slag, the coals with high ash-softening temperature will form clinker high up on 
the generator lining; those with low ash-softening temperature will yield a slag that remains 
fluid on the grates to form the very troublesome pancake clinker. On the other hand, 
those with medium ash-softening temperatures will fuse in the hot zone and solidify on 
the way down to the grates. The use of up-and-down steaming can be applied to vary the 
position of the clinker to assist materially in the ease of cleaning the generator. Up 
steam creates a hot zone in the upjier part of the fuel bed, and vice versa. 

The fusing temperature of the ash bears a definite relation to the quantity of air that 
can be blasted through the fire during a blow. With a softening temperature as low as 
2200°F the blasting rate per square foot of grate per blow should not exceed 350 to 400 
cu ft. As the softening temperature approaches 2600°F, the blasting rate can be increased 
to a figure as high as 600 to 550 cu ft. 

Composition of Coal Ash. There are nine components in coal ash that influence 
the softening temperature to varying degrees. These are Si02, AI 2 O 3 , Fe 203 , CaO, 
MgO, K 2 O, Na20, P 2 O 6 , and Ti02. Of these it may be said that the effects of Ti02 
and P 2 O 6 are negligible; other factors being equal, the higher the ratio of AI2O3 to 
Si 02 the higher will be the softening temperature; the higher the percentage of alkalies, 
alkaline earths, and iron oxide, the lower will be the softening temperature. 

With admitted exceptions, the presence of iron oxide in excess of 20 per cent can be 
responsible for serious clinker trouble. 

Certain special-purpose coals may require the presence or absence of certain mineral 
components in utilization. The most important of these are calcium oxide, which is 
a desirable component in the case of the cement industry, and phosphorus and sulphur, 
which must be kept at a minimum in coking coals destined for the iron and steel 
industry. 


Friability and Size Stability of Coal 

Friability, as applied to coal, refers to its tendency to break up or crumble into 
smaller pieces when subjected to handling; hence a friability index serves to show 
relative handling properties. 

Size stability is the opposite of friability and thus indicates the resistance to break¬ 
age. 

As usually expressed ^'friability per cent,” is the average size of the coal resulting 
from breakage during test, shown as a percentage of the average size of the lumps 
taken as a sample. The difference between 100 and the friability per cent is the "size 
stability per cent.” 
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Table 2-4. Friability and Size Stability of Various Coals^ 

(Together with “slack” and “abrasion” indexes) 


Coal 

Friability by tumbler test, 
per cent 

Size stability by 
drop-shatter test, 
per cent 

On 1- to 1-l^in. 
square-mesh 
lumps 

Abrasion 

(dust) 

index 

1 

On 2- to 3-in. 
(round-hole) 
lumps 

Slack 

index 

Pennsylvania anthracite . . 

19 0 

16 

93 5 

3 

Welsh anthracite . . 

30.0 

17 

85.5 

8 

High-volatile A bituminous (Westmoreland 





County, Pa.). . 

22.5 

14 

88.0 

6 

High-volatile A bituminous (Belmont County, 





Ohio). . . . 

28.0 

13 

80.0 

9 

High-volatile A bituminous (Minto area. New 





Brunswick) . . 

37.5 

18 

75.0 

13 

Medium volatile bituminous (Alta. Mountain 





Park area) .. . . 

34.0 

20 

85.0 


Low-volatile bituminous (Pocahontas lump, W. 





Va.)... . 

40 0 

28 

78 5 

13 

Subbituminous B (Alta. Druinheller area) .... 

20 0 

8 

76 5 

11 

Lignite (Saskatchewan) . 

21.0 

7 

82.0 

1 8 


1 Condensed from ASTM “ Symposium on Significance of Tests of Coal,” Philadelphia, June 29, 1937, 


p. 432. 


Table 2-6. ASTM Suggested Limits for 
Grouping Coals with Respect to 
Friability^ 

(As tested by 1-hr tumbler test) 
FrxdbxlUy 

Per Cent ASTM Suggested Grouping 

Below 20 Nonfriable coals, including mainly 
the hard nonfriable varieties of 
anthracites 

20-30 Medium-friable A coals, including 

the softer varieties of anthracites, 
the harder varieties of bitumi¬ 
nous, and the tough varieties of 
subbituminous 

30-40 Medium-friable B coals, including 

the softer varieties of anthracites, 
and the less hard varieties of 
medium- and high-volatile bitu¬ 
minous coals 

40-50 Friable coals, including mainly the 

softer varieties of low-, medium-, 
and high-volatile bituminous coals 
Above 50 Very friable coals 

1 From ASTM “Symposium on Significance of 
Tests of Coal,” Philadelphia, June 29, 1937, p. 
427. 


Table 2-6. ASTM Suggested Limits for 
Grouping Coals with Respect to Size 
StabUityi 

(By drop-shatter test) 

Size 

Stability, 

Per Cent ASTM Suggested Grouping 

Above 90 High-size-stability coals, including 
mainly the hard nonfriable varie¬ 
ties of anthracite 

80-90 Medium-size-stability coals, sub¬ 

group A, including the medium- 
friable anthracites, the more 
stable low-, medium-, and high- 
volatile bituminous coals, and 
the tough varieties of (non- 
weathered) lower rank subbitu¬ 
minous and lignite coals 
70-80 Medium-size-stability coals, sub¬ 

group B, including maiidy the 
less stable low-, medium-, and 
high-volatile bituminous coals, 
and the less stable lower rank 
coals 

Below 70 Low-size-stability coals, including 

the friable and very friable bitu¬ 
minous and lower rank coals 
* From ASTM “Symposium on Significance of 

Tests of Coal,” Philadelphia, June 29, 1937, p. 

429. 


Methods of testing as recommended by ASTM include the tumbler test and shatter 
test, which are essentially as follows: 

In the tumbler test carefully sized coal is tumbled in a jar-mill test machine of 
specified design for 1 hr at 40 rprn. A screen analysis is then made on the tumbled 
coal and the results reported as 

Friability per cent =-^ 
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where S is the average size of the lumps taken as a sample and 8 is the average size of 
the tumbled coal. 

If desired a dust index may also be reported, representing fines and dust produced 
in the test, and indicative of the proportion of breakage caused by abrasion. 

In the drop-shatter test 50 lb of carefully screened coal is dropped twice in a shatter- 
test machine of standard design, screen analysis obtained, and results reported as 

Size stability per cent = — 

where S is the average size of the lumps taken as a sample and s is the average size of 
the dropped coal. 

Slack index is the percentage of the dropped coal passing a J^-in. screen. It is 
indicative of the comparative slack-producing characteristics of the coal being tested. 

Comparative Results of Tumbler and Shatter Tests. In the tumbler tests, where 
the lumps fall only short distances and where they continually rub against one another, 
the breakage caused by abrasion is much more emphasized than in the drop-shatter 
test, where the lumps drop a distance of 6 ft and where they rub against one another 
very little. On a given coal, the total breakage is usually more than on a drop-shatter 
test. The procedure of the latter test, where a 50-lb sample is dropped twice in 
succession, is considered to produce a breakage effect comparable with that taking 
place in ordinary commercial handling, whereas the tumbler test serves to indicate 
the relative weakness of the lumps, such as on repeated handling, as in worm feeders. 

Handling properties of coal should be shown as an expression of both the size 
stability and friability values, as 

Handling properties . (88-22) or Ss. 88-Fr. 22 

where the 88 is the size stability as obtained by a drop-shatter test and 22 is the 
friability as obtained by a tumbler test. 

MISCELLANEOUS SOLID FUELS 

Torbanite^ is a variety of boghead coal. It was named from Torbane Hill, Scotland> 
where it was mined several years. Torbanite contains a high percentage of volatile 
constituents, including illuminating and lubricating oils, paraffin, and large quantities 
of illuminating gases. The heat value is between 14,000 and 18,000 Btu per lb. The 
origin is probably algae instead of spores. Torbanite is closely related to the bitu¬ 
minous schists and oil shales; it has a dark-brown color; its surface is dull and luster¬ 
less; and its fracture is irregular to subconchoidal. The hardness is 2.25 and the 
specific gravity 1.17 to 1.2. It differs greatly from other coals, for one thing being 
much higher in hydrogen. Ash content averages about 20 per cent. According to 
Dana,* a typical ash-free analysis is as follows: 

Per Cent 

Hydrogen 11 48 

Carbon 81.15 

Nitrogen 1 37 

Oxygen 6 00 

Byerite.* This is a term applied by Mallett^ to a so-called mineral coal somewhat 
resembling torbanite but differing from it in not crackling in the fire, in being heavier 
(specific gravity 1.323) and in melting and intuinescing (swelling or bubbling) when 
heated. It gives a large amount of gas and tarry oils, about 30 per cent more than 

1 Moorb, E. S., “Coal,” p. 100, John Wiley & Sons, Inc., New York, 1940. Reprinted by permission. 

* Dana, E. S., “A System of Mineralogy,” 6th ed., p. 1022, 1895. 

> Moorb, E. S., op. cit., p. 101. Reprinted by permission. 

* Mallstt, E. J., On Middle Park Mineral Coal, Am. J. Set., vol. 9, p. 146» 1875. 
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English cannel. - The coke is not a true coke but resembles the residue from the 
distillation of sugar and is too porous and crumbling to support a furnace burden. 
It is jetblack in color but gives a brown powder which does not color a potash 
solution brown. It is insoluble in carbon bisulphide, ether, or turpentine. 


An analysis is as follows: 


Moisture .... 
Volatile matter* 
Fixed residue^ . 


Per Cent 
. 6 02 
39.95 
. 54.03 


« Gas and tarry oils. 

^ Consists of coke and ash. 


Parrot Coal. A variety of Scotch cannel coal which produces a marked crackling 
sound while burning. 

Horn Coal. A coal from South Wales which, on burning, emits an odor as of 
burning horn. 

Carbonite. A natural coke found in England and Virginia. It is a cokelike min¬ 
eral formed by the baking action of igneous rocks on scams of bituminous coal. It is 
used as a fuel. 

Carbonite is also the name of an activated charcoal made from a mixture of ground 
anthracite, pitch, and sulphur. 

Albertite is a solid resembling coal but derived from petroleum. It is found in the 
province of Mendoza, Argentina. 

Graphite. ‘ Although natural graphites are not in any sense fuels, their formation 
is so analogous to coal that a brief description seems in order. There are three recog¬ 
nized types of natural graphites: flake, crystalline, and amorphous. It is believed 
that all graphites are actually crystalline in structure; the difference in appearance 
and properties lies in the size of the crystals, the method of formation, and the place of 
occurrence. 

Flake graphite occurs in scales or lamellae in metmorphic rocks. Each flake is an 
entity and is surrounded by the rock gangue. It is rather difficult to purify, being 
very hard to separate from the gangue. 

Crystalline graphites arc pure, and since the best varities that come from Ceylon 
and Madagascar occur in veins or pockets, it is only a question of proper selection to 
obtain graphite with low ash and high purity. These graphites, however, like all 
carbon material, have an infinite variety of minute differences in quality. 

Amorphous graphite is considered to be composed of minute graphite crystals. 
When ground to fine flours it has a dull black appearance totally unlike the lustrous 
appearance of the ground flake or crystalline graphites. Amorphous graphites from 
Sonora, Mexico, constitute the supply available for the United States. 


Table 2-7. Analyses of Various Natural 
Graphites^ 


Origin 

Ash 

Vola¬ 

tile 

Carbon 

Sp gr 

Ceylon. 

0.05 

0.16 

99 79 

2.570 

Ticonderoga.... 

0,28 

0 90 

98 82 

2 246 

Mexico (Sonora) 

2.15 

1 19 

96 66 

2 170 

Madagascar.... 

1.76 

0 82 

97 42 



1 Manteli., C. L., “Industrial Carbon,” 2d ed., 
D. Van Nostrand Company, Inc., New York, 
1946. 


1 Mantbll, C. L., “Industrial Carbon,” 2d ed., pp. 223-224, D. Van Nostrand Company, lnc.> 
New York, 1946. 
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ANTHRACITE 


Anthracite is defined as a hard compact variety of natural coal of high luster. It 
differs from bituminous coal in containing only a small amount of volatile matter, in 
consequence of which it burns with a nearly nonluminous flame. 

Analytical Boundaries. By the now universally accepted coal classification of the 
ASTM, true anthracite, as distinguished from meta-anthracite above and semianthra¬ 
cite below, has the following analytical limits:^ 

ASTM Definition (mineral-matter-, moisture-free basis). Dry fixed carbon 92 per cent 
or more and less than 98 per cent. Dry volatile matter 8 per cent or loss and more than 
2 per cent. Nonagglomerating. 

Location of Anthracite. Large quantities of true anthracite are found and com¬ 
mercially mined in several countries, such as China, Russia, Indo-China, Wales, and 
Ireland (see Reserves, page 13). Statistics of the U.S. Bureau of Mines show that, 
of an estimated world production in 1946 of 118 million metric tons, the United States 
produced 55 million, or 47 per cent (Table 3-1). Of the latter amount, all but about 
50,000 annual tons commercially produced is mined in Pennsylvania (see Anthra¬ 
citic Coals section for a discussion of United States anthracites other than those of 
Pennsylvania). 

PENNSYLVANIA ANTHRACITE^ 

LOCATION OF FIELDS^ 

In 1749, the Proprietary Government of Pennsylvania purchased from the Indians 
of the Six Nations, a section of land about 125 miles long by 35 miles wide, for the 
sum of 500 pounds, or about $2,500. This section comprised practically all the 
anthracite fields of Pennsylvania. 

The total area containing workable beds of anthracite is only 484 sq miles in extent, 
or about one thousand times smaller than the area of the bituminous coal fields of the 
United States. It is -divided geographically into four distinct canoe-shaped fields, all 
having their greatest length in a northeasterly to southwesterly direction. Although 
separated, these fields are adjacent, all lying in the northeastern part of the state and 
within the 10 cotmties of Wayne, Susquehanna, Lackawanna, Imzerne, Carbon, 
Schuylkill, Columbia, Northumberland, Dauphin, and Lebanon. 

For trade purposes, these fields are divided into three regions, the Wyoming, 
Lehigh, and Schuylkill regions. The Wyoming region comprises the northern field. 
The Lehigh region embraces the eastern middle field. The Schuylkill region includes 
the western middle and southern fields. 

MINING AND RECOVERY METHODS 

Description of Fields. Cross sections of all the anthracite fields show up to some 
14 roughly parallel veins ranging in thickness from a few inches to one, the Mammoth, 
which at one point reaches a maximum of 290 ft. In all basins, the lowest vein slopes 
upward from its lowest point underground, at pitches ranging from a few degrees to 
almost vertical, until ground level is reached where, with a usual coverage of only 
relatively small amounts of debris, the vein terminates as **outcroppings^' at each 

1 See Table 2-1 for a full table of ASTM coal classifications from meta-anthracite through lignite. 

* For anthracites from Rhode Island New Mexico, and Coloradof see Anthracitic Coals, p. 74. 

* “The Story of Anthracite,” Hudson Coal Co., Scranton, Pa., 1932. 
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ANALYSES OE TENNSYLVANIA ANTNHAVITM^ " , 

this silt usually contains from 15 to 50 per cent ash, which can be prepaired to as low as ^ 
10 to 12 per cent coal by the rejection of 15 to 60 per cent of the raw mateiual as refuse. 

Unfortunately no modern survey of culm and silt is availalde, the latest beini^ that in 
** Anthracite Culm and Silt,” Pennsylvania Geological Survey Bulletin M*-12, dated* 1928; 
Obviously this includes much material that has since been reclaimed, particularly sinoe 
the entire Second World War period has intervened. Nevertheless, their reported quan¬ 
tities are shown in Table 3-4 as being the best available data. 


Table 3-4. Quantity of Anthracite Culm and Silt in Banks^ 

(In long tons of 2,240 lb) 


Field 

Culm 

Silt 

Mixed 

Total 

Northern .. 

Southern. 

Western middle. 

Eastern middle... 

8,125,000 

37,745,000 

43,785,000 

2,430,000 

8.035,000 

36,815,000 

40,735,000 

6,200,000 

30,355,000 

10,000,000 

17,175,000 

1,385,000 

17.955,000 

84,560,000 

101,695,000 

10,015,000 

Total . 

92,085,000 

91,785,000 

30,355,000 

214,225,000 


1 These tonnages are not recoverable marketable coal. The material composing these banks ranges 
from 20 to 80 per cent marketable coal. 


Table 3-6. 1946 Production of Pennsylvania Anthracite^ 


Source 

i 

Net tons 

Per cent 
of total 

Deep mining . 

38,021,943 

61.8 

Mechanically loaded®. 

(15,619,162) 

(25.4) 

Hand loaded®. .... 

(22,402,781) 

(36.4) 

Strippings.... . 

12,836,842 

20.9 

Reclamation from banks 

8,408,605 

13.7 

River coal. 

1,132,394 

1.8 

“ Bootleg . ■. 

1,096,417 

1.8 

Total . 

01,496,201 

100.0 

1 “Manual of Statistical Information,” Anthracite Institute, 1947. 


* Subtotals of Deep mining given in parentheses. 

^ Estimated. 

ANTHRACITE SPECIFICATIONS 

Two sets of specifications are in use in the Pennsylvania anthracite industry. 
Those shown in Table 3-6 are the sizing and quality standards adopted voluntarily 
for the optional guidance of the industry by the Anthracite Committee, representing 
anthracite-producing companies. The specifications shown in Table 3-7 are those 
provided by the Pennsylvania Legislature House Bill 1050, effective Sept. 1, 1947, and 
mandatory after Sept. 1, 1949. After the latter date, all Pennsylvania anthracite 
labeled “Standard Anthracitemust conform to these standards as to undersize and 
ash or slate and bone content. 

It will be noted that, within the scope of the Pennsylvania state specifications which 
do not go below the rice size, the two codes are identical except that the state has 
omitted specifications for minimum undersize and maximum oversize. 

ANALYSES OF PENNSYLVANIA ANTHRACITES 

Range of Analyses. The principal differences in the analyses from different pai^ 
of the relatively compact Pennsylvania anthracite field are in the volatile and ash 
contents. The two are not interrelated because the variation in ash in anthracite as 
marketed is due almost entirely to thoroughness of preparation rather than to inherent 
ash in the coal. 
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Table 3-6. Anthracite Specifications^ 


Size of coal 

Test mesh, 
round, in. 

Oversize, 
max |)er 
cent 

Undersize, 
per cent 

Max impurities, 
per cent 

Through 

Over 

max 

min 

Slate® 

Bone 


Ash^ 

Broken. 

4H 

3M-3 


15 

7M 

IH 

2 

or 

11 

Egg. 

3M-3 

27 16 


15 

7H 

m 

2 

or 

11 

Stove. 

2M6 

IM 


15 

7H 

2 

3 

or 

11 

Nut. 



1 7>2 

15 

7y2 

3 

4 

or 

11 

Pea. 


He 

10 

15 

7H 

4 

5 

or 

12 

Buckwheat. 


He 

10 

15 

7H 




13 

Rice . 

Mg 

He 

10 

17 

7H 




13 

Barley. 

Mg 

H 2 

10 

20 

10 




15 

No. 4. 

Mz 

M 4 

20 

30 

10 




15 

No. 5 . 

M 4 


30 

No limit 




16 


1 Approved and adopted by the Anthracite Committee, effective July 28, 1947. 

« When slate content in the sizes from broken to nut, inclusive, is loss than above standards, bone 
content may be increased by one and one-half times the decrease in the slate content under the allowable 
limits, but slate content specified above shall not be exceeded in any event. 

^ Ash determinations are on a dry basis. 

A tolerance of 1 per cent is allowed on the maximum percentaffe of undersize and the maximum 
percentage of ash content. The maximum percentage of undersize is applicable only to anthracite 
as it is produced at the preparation plant, “Slate” is defined as any material which has less than 
40 per cent of fixed carbon. “ Bone” is defined as any material which has 40 per cent or more, but less 
than 75 per cent of fixed carbon. 


Table 3-7. Standard Anthracite^ 



Test mfjsh. round, in 






Size of anthracite 



Undersize,® 
max, per 

Ash con- 
ten t,'' max, 


Max slate,'’ 

Bone'* 


Through 

Over 

cent 

j)er cent 


per cent 


Broken. 


3 y-3 

15 

11 

or 

m 

2 

Egg ... 

3i^i-3 

27,6 

15 

11 

or 

VA 

2 

Stove . 

2K6 

IM 

15 

11 

or 

2 

3 

Nut ... 

IM 

^He 

15 

11 

or 

3 

4 

Pea . 

^He 1 

He 

15 

12 

or 

4 

5 

Buckwheat.... 

M 6 

He 

15 

13 




Rice. 

^16 

He 

17 

13 





1 As defined by Pennsylvania House Bill No. 1050, May 7, 1947, effective Sept. 1, 1947. 

« As to the maximum percentage of undersize and the maximum percentage of ash content, a tolerance 
of 1 per cent shall be allowed when slate content in the sizes from broken to nut, inclusive, is less than 
above standards. Bone content may be increased by one and one-half times the decrease in the slate 
content under the allowable limits, but slate content specified above shall not be exceeded in any event. 
The maximum percentage of undersize shall be applicable only to anthracite as it is produced at the 
preparation plant. Anthracite which conforms to the sizing herein fixed and conforms also to either 
the specification for ash content or the specification for slate and bone content shall be deemed to be 
“Standard Anthracite.” 

® Ash content. The percentage which the weight of the ash from anthracite resulting from burning 
bears to the weight of the anthracite before burning after the anthracite has been dried for 1 hr at 105®C. 

^ Slate. Any material which has less than 40 per cent of fixed carbon. 

^ Bone. Any material which has 40 per cent or more but less than 75 per cent of fixed carbon. 

Volatile-matter Content. Turner plotted definite isovolatile curves for the entire 
anthracite region (Fig. 3-1) which proved to be sufficiently accurate for most practical 
purposes. He also showed that lines of equal specific gravity paralleled the isovol¬ 
atile curves with the approximate relationship shown in Fig. 3-2. Volatile is an im¬ 
portant determination in anthracite, as it serves as a rough guide to the burning 
characteristics of the coal. 















ANALYSES OF PENNSYLVANIA ANTHRACITES $f 

Burning Characteristics. In general, anthra<*itcs with low volatile content have 
higher ignition temperatures and are slower burning with equal draft intensities thim 
coals of higher volatile. In the trade, reference to slow-burning, medium-burning, 
and free-bwning anthracite usually parallels low-, medium-, and high-volatile group¬ 
ings. Although strong local preferences are frequently shown for coal of one type or 



Fig. 3-1. Map of the anthracite region showing isovolatile contours. [Note: Volatile, 
per cent (moisture- and miiieral-matter-free basis).] 

the other, the actual difference in combustibility of any equally sized and prepared 
anthracites is not over 10 per cent on either side of the mean. In hand firing, this 
difference can be compensated by suitable draft-damper adjustments. Similarly, in 
most mechanical-firing equipment, adjustments will usually equalize any such differ¬ 
ences in combustion rate. A notable exception is that of underfeed domestic stokers, 
where flexibility of design is sometimes inadequate to cope with the higher ignition 
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hard-burning” coals and.where the type of ash removal is not sufficiently positive to 
handle clinker from the extremely free-burning types, such as Lykens. A further 
factor for consideration is that stokers of the worm- or plunger-feed type meter the 
coal fed by volume rather than by weight. Thus, with the dense low-volatile coals, 
more pounds will usually be fed per hour for the same feed ratio. 

Ash Content. High ash content is a disadvantage from at least two angles, aside 
from any that enter into combustion. (1) It proportionately reduces the quantity of 
the coal components available for producing heat, with the effect of higher freight 



21_1_I_I_I_I 

1.40 1.45 1.50 1.55 1.60 1.65 


Specific gravity of anthracite 

Fia. 3-2. Approximate ratio between volatile and specific gravity (for Pennsylvania 
antliracite). 

rates and costs per pound of combustible; and (2) it increases the cost and difficulty 
of ash disposal. Two coals purchased on a basis of equal heat content or equal cost 
per unit of heat, but with different ash contents, will be equal from the angle of item 
1, but the lower ash coal will still be the more valuable to the amount of the lesser cost 
and difficulty of disposing of the ash. (Where there is a market for ash, this position 
might be neutralized or, depending on ash revenue, even reversed.) 

Ash-fusion Temperatures. Most anthracites have ash-softening temperatures 
sufficiently high to avoid troublesome clinker with propyerly designed and properly 
operated equipment. An exception is the coal from the western extremities of the 
Dauphin County fishtails (see map, Fig. 3-1), where softening temperatures as low as 
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Table 3-8. Average Analyses of Anthracite Samples^ 

(Collected by the Bureau of Mines in Cooperation with the Anthracite Institute) 
Lehigh Refl^on 


Coleraine, Gowen, Cranberry, Hazelton Shaft, and Spring Mountain Collieries 


Size. 

Egg 

Stove 

1 Chestnut 

Pea 

Buck¬ 

wheat 

Rice 

Barley 

Total tonnage (yearly pro¬ 
duction) 

116,401 

508,576 

601,906 

276,323 

310,353 

158,682 

158,939 

Moisture ” as received,” per 








cent 

4 6 

5.0 

5 2 

6 4 

6.1 

6.2 

6.9 

Volatile matter “dry coal,” 








per cent. 

2.9 

2.8 

2 8 

3.3 

3.5 

3.5 

3.7 

Fixed carbon “dry coal,” 








per cent . . 

88 0 

88 1 

87 9 

86 4 

85 8 

84.0 

83.7 

Ash “ dry coal,” per cent . 
Sulphur ” dry coal,” per cent 
Btu “as received” . . 

Btu “dry coal” 

9 1 

9 1 

9 3 

10 3 

10 7 

12 5 

12.6 

0 6 

0 6 

0 6 

0 6 

0 6 

0 6 

0 6 

12,820 

12,810 

12,730 

12.430 

12,390 

12,080 

11,990 

13,440 

13,480 

13,430 

13,280 

13,190 

12,880 

12,880 

Btu “moisture- and ash¬ 








free” 

14,790 

14,830 

14,810 

14,800 

14,770 

14,720 

14,740 

Softening temperature of 

2910 







ash, deg F« 

2920 

2910 * 

2820 

2790 

2910 

2830 


Schuylkill Region 

East Bear Ridge, St. Clair, William Penn, Pennsylvania, Lyle, Oak Hill Packer No. 5, Enterprise, 
Coaldale, Lansford, and Alliance Collieries 


Size 

Egg 

Stove 

Chestnut 

Pea 

’"'Buck- ■■ 
wheat 

Rice 

Barley 


355,073 

1,029.315 

1,309,236 

664,961 

826,967 

370,580 

543,360 

Moisture “as received,” per 








cent 

4 2 

4 1 

4.5 

5.8 

5 6 

5.7 

7 9 

Volatile matter “dry coal,” 








per cent 

4 1 

4 1 

4 1 

4 0 

4 5 

3.8 

4.1 

Fixed carbon “dry coal,” 








per cent 

Asn “dry coal,” per cent 
Sulphur “ dry coal,” per cent 
Btu “as received”. 

Btu “dry coal” 

Btu “moisture- and ash-i 

86 4 

86 5 

85 9 

84 3 

83 0 

82.7 

82.1 

9 5 

9 4 

10 0 

11 7 

12 5 

13 5 

13.8 

0 7 

0 7 

0 6 

0 6 

0 7 

0 6 

0.6 

12,980 

12,990 

12,830 

12,360 

12,290 

12,070 

11,770 

13,550 

13,550 

13,430 

13,120 

13,020 

12,800 

12,780 







free”. 

14,970 

14,960 

14,920 

14,860 

14,880 

14,800 

14,830 

Softening temperature of 






ash, deg F** 

2840 

2840 

2840 

2870 

2870 

2880 

2880 


Wyoming Region 

Pine Brook, Richmond Shaft, Price Pancoast, Harry Taylor, Rush Brook, Legitts Creek, Van Storch, 
Johnson Shaft and Slope, Wingfoot Slope, Capouse Shaft and Slope, Raymond, Ontario, Blue Ridge 
Tunnel, Pittston Nos. 1 and 5, Underwood, Ewen, Butler (Pittston No. 9), Olyphant, Marvine, Pompey 
(formerly Winton), Powderly, Gravity Slope, Kingston No. 4, Wanamic, Maxwell, Loomis, Alden, 
Susquehanna No. 6, Susquehanna No. 7, Pine Ridge, Delaware, Laurel Run, Dorrance, Prospect Shaft, 
Midvale Slope, Henry Shaft, Westmoreland, Harry E. Lance, Gray Slope, No. 2 Shaft, and Clifford 

Slope Collieries 


Size 

Egg 

Stove 

Chestnut 

Pea 

wheat 

Bice 

Barley 

Total tonnage (yearly pro- 








duction). 

1,641,752 

4,258,270 

4,858,358 

2,063,006 

2,.578.842 

1,195,101 

974,854 

Moisture “ as received,” per 








cent . 

4 2 

4 3 

4 8 

6.3 

6.1 

5 7 

6.8 

Volatile matter “dry coal,” 






1 

per cent , . 

4 6 

4 6 

4 6 

4 5 

4 7 

4 8 

4.7 

Fixed carbon “dry coal,” 






1 

per cent 

Ash “dry coal,” per cent 
Sulphur “ dry coal,” per cent 

86 3 

86 1 

85 7 

84 2 

83 7 

83 1 

81 6 

9 1 

9 3 

9 7 

11 3 

11 6 

12 1 

13 7 

0 7 

0 7 

0 7 

0.7 

0 7 

0 7 

0 8 

Btu “as received”... . 

13.130 

13,080 

12,950 

12,.500 

12,480 

12,450 

12,070 

Btu “dry coal”. . . 

Btu “moisture- and ash¬ 

13,710 

13,670 

13,600 

13,340 

13,290 

13,200 

12,950 





free ” . 

15,080 

15,070 

15,060 

15,040 

15,030 

1 15,020 

15,010 

Softening temperature of 
ash, deg F«. 

2890 

2890 

2900 

2900 

2900 

2910 

2900 


1 U.S. Bur. Mines Repta. Invest. 3283. ^ ^ ^ . . 

® Softening temperatures of ash given are averages of determinations which include numerous “plus 
maximum readings” which vary between 2520 and 2919 in this region. 

Softening temperatures of ash given are averages of determinations which include numerous “plus 
maximum readings” which vary between 2490 and 2919 in this region. 

Softening temperatures of ash given are averages of determinations which include numerouer “plus 
maximum readings ” which vary between 2660 and 2970 in this region. 
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Table S-9. Weighted Average Analyses of Pennsylvania Anthracite^ 


Size. 

Egg 

1 Stove 

Chestnut 

1 Pea 

[ Buck¬ 
wheat 

Rice 

1 Barley 

Total tonnage (yearly 
production). 

2,113,226 

5,796,161 

6,769,500 

3,004,290 

3,716,162 

1,724,383 

1,677,153 

Moisture ‘‘as received,” 
per cent. .. 

Volatile “dry coal,” per 
cent. 

4 2 

4 3 

4.8 

6 2 

6.0 

6 7 

7 2 

4 4 

4 4 

4 3 

4 3 

4 6 

4 5 

4.4 

Fixed ‘‘dry coal,” per 
cent. 

86 4 

86 3 

86 0 

84 4 

83 7 

83 1 

82.0 

Ash “dry coal,” per cent 

9 2 

9 3 

9 7 

11 3 

11 7 

12 4 

13.6 

Sulphur “dry coal,” per 
cent. .... 

0.7 

0.7 

0 7 

0 7 

0 7 

0 7 

0.7 

Btu “as received” . . . 

13,100 

13,040 

12,900 

12,470 

12,430 

12,330 

11,960 

Btu “dry coal” . 

13,670 

13,630 

13,550 

13,290 

13,220 

13,080 

12,890 

Btu “moisture- and ash¬ 
free” .... 

15,060 

15,030 

15,010 

14,980 

14,970 

14,930 

14,920 

Softening temperature of 
ash, deg F 

2890 

2890 

2890 

2890 

2880 

2900 

2880 


1 V.&. Bur. Mines Repts. Invest. 3283. These samples were taken as the coal came from the breakers 
immediately after washing. Therefore, “Moisture as received” includes, in addition to inherent 
moisture of about 2 per cent, the moisture due to water clinging to the coal from the washing process. 
In a short time after loading, much of the free moisture drains off so that coal delivered to the consumer 
would have a heating value, according to size, between 175 and 350 Btu per lb higher than shown in 
the column “Btu as received.” 

Table 3-10. Weighted Average Analyses of Fine-sized Anthracite 

(As reported by 53 companies representing approximately 80 per cent of the 1943 production) 



No. 4 buckwheat 

No. 5 buckwheat 

Sizing: 



Standard 

X 

Hb X 0 

Deviation (by 13 per cent of industry) 

X Va’Z 


Undersize, max jicr cent 

22 1 

30 2 

Min per cent 

12 8 

16 8 

Oversize, max per cent . 

18 7 

17 4 

Min per cent 

9 6 

10 9 

Ash content: 



Max ash content, per cent . 

15 4 

15 9 

Mm ash content, per cent 

10 8 

9 7 

Btu content. . 

12,904 

13,064 

Fusion point of ash, deg F .... 

2811 

2885 


Range of Analyses Reported for Fine-sized Anthracite 


Ash content, max... 

11 6-20 3 

12 0-24.0 

Min. 

7 2-17.0 

9.0-20.0 

Btu . . 

11,000-13,600 

12,500-13,500 

Fusion point of ash, deg F 

2300-3000 

2740-3000 


Table 3-11. Analysis of No. 6 Buckwheat from Flotation Process, Typical Size and 

Ash Tests' 


Sizing on 10 mesh. 

Per Cent 

. 0 1 


Per Cent 
14 .3 

Sizing on 14 mesh 

0 1 

Sizing on 100 mesh ... 

.... 19.0 

Sizing on 20 mesh 

2 2 

Sizing on 150 mesh . ... 

. 14.8 

Sizing on 28 mesh 

... 50 

Sizing on 200 mesh. 

10 3 

Sizing on 35 mesh. 

. 9 3 

Through 200 mesh. 

. .. 12 4 

Sizing on 48 meeh. . 

12 6 

Ash (dry basis). 

.12.6 

1 Lehigh Navigation, 

Tamaqua Colliery, 1947, 

average of three tests. 
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Table 8-12. Average Ultimate Analyses of Face Samples of Pennsylvania Anthrax 

cite by Fields^ 

(Moisture- and ash-free basis) 


Field 

Ha 





Btu 

Northern. 

2.8 

92.4 

1 1 

2.5 

1.2 

15,038 

Eastern middle. 

2.1 

94.7 

0.8 

1 6 

0.8 

14,828 

Western middle, Shamokin district 

3 6 

91.2 

1.5 

2 6 

1.1 

14,258 

Western middle. West Mahanoy district 
Southern: 

2.3 

94.3 

0 9 

1 5 

1 1 

14,867 

Panther Creek district.. . 

2 1 

95 0 

0 8 

1 4 

0.7 

14,823 

East Schuylkill district... 

2.0 

94 8 

0 8 

1 7 

0.7 

14,802 

West Schuylkill district. . 

2.0 

94 8 

0 8 

1 7 

0.7 

14,898 

Lykens district. 

3.3 

92 0 

1 3 

2 6 

0 8 

15,237 

Southern fishtail"-^ . . . 

3 4 

93.6 

1 1 

1 1 

0 8 

15,580 

Shamokin district,* max volatile. . 

3.7 

91.3 

1 5 

2 6 

0.9 

15,270 

Lykens district,* max volatile. 

3 1 

92 5 

1 1 

2 7 

0 6 

15,100 

Avg. 

2 5 

93.7 

1 0 

2 0 

0.9 

14,968 


» Trans. AIME Coal Div., vol. 108, p. 332, 1934. 

"Not included in averages. 

^ Gold mine run. 

Table 3-13. Analysis of Volatile Matter in Various Anthracites^ 



Dry coal analyses 

Volatile 

1 

Gas analyses 

Source 

Gram 

V.M. 

1 

m 

C 

|N2 


S 

Ash 

Gram 

HaO 

Gas 

cc 

C 

O_ 

Oa 

Ha 

Na 

CO 

CH4 

Low volatile . . 

44.5 

3.8 

2.0 

85. G 

0.8 

1.4 

0 6 

9 6 

0 4 

7,003 

1 8 

2 3 

83 2 

4 8 

4 2 

3 7 

1 

Medium vola¬ 


















tile .. 

42 9 

5 6 

2 6 

83 3 

0 9 

2 1 

1 2 

9 9 

1 0 

8,495 

2 0 

1 1 

84.2 

2 6 

4 1 

6 0 

1 

High volatile. 

42 0 

7 6 1 

2 9 

82 G 

1 1 

2.5 

0 7 

10 2 

0.6 

9,518 

2.2 

1.0 

83 6 

2.0 

4.1 

7.1 

1 

Northern field 

43 0 

5 5 

2 5 


0 9 

2.2 



1 0 

8,360 

1.8 

1.0 

85.2 

1.8 

4.1 

6.0 

2 

Southern field 

44 6 

5 6 

2 4 


0.9 

1.8 



0 5 

8,005 

2.1 

1.2 

83.3 

3.8 

4.0 

5.6 

1 

Eastern middle 

44 8 

3 2 

1 9 


0 7 

1 6 



0 2 

6,375 

1.9 

2 6 

81.1 

6.9 

5.5 

1.9 

2 

Western middle 

i 

44 3 

4 7 

2 1 


0 7 

1.5 



0 4 

7,363 

1.8 

3.3 

78 8 

7.4 

4 5 

4 1 

2 


Notes: The appearance of small quantities of hydrogen sulphide in every case. No illuminants 
were noted in any of the gas samples; no tar was emitted by any of the samples. The gas is largely 
hydrogen, averaging 4,500 cu ft of gas under standard conditions per ton of anthracite. 

1 Volatile Matter of Pennsylvania Anthracite, Jnd. Bng. Chem., vol. 27, p. 1373, November, 1935. 
* Composition of Volatile Matter in Pennsylvania Anthracite, Anthracite Institute Laboratory Kept. 
3002, May 10, 1934. 

Table 3-14. Analysis of Anthracite Ashes^ 

(In j)er cent) 



Pennsylvania | 

Welsh 

1 

Scotch 

Russian 

Rangel j 

Coal ash* 

Slate ash* 

SiOa . 

51-69 

69 00 

61.60 

35.4 

54.4 

26.9 

AlaOs. 


26 46 

32.17 

38.2 

29.7 

36.9 

FeaO 

2-11 

3.24 

3.70 

19.3 

9 9 

28.9 

CaO . 

0 3-1 4 

0 40 


5.8 

6 0 

4 4 

MgO .. . 

0-0 8 

0 20 

0.20 

1 5 


1.3 

Alkalies. . .. 

0 4-2 2 

0 70 

1.93 

1 

0.7 

1 


1.5 


* Jones* and Buller, Ind. Bng. Chem. Anal. Bd., vol. 8, p. 25, 1936. 

* Northern Field (Scranton) Coal, Ind. Eng. Chem., vol. 27, p. 953, 1935. 
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2100®F are reported. However, these coals are sufficiently high in volatile to be near 
if not actually semianthracites, even if not generally classified as such by the trade. 

General Ash-softening Characteristics. The ash-softening temperatures for 
anthracite coals from the northern, eastern middle, and western middle fields and the 
western half of the southern field are in Class I, the refractory group, with softening 
temperatures above 2600°F. Anthracite from the western half of the southern field 
shows ash-softening temperatures in the Class TI, or medium-fusibility, group, with 
softening temperatures generally between 2200 and 2600°F. 
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Chart for estimating Btu of anthracites from proximate analysis. 


GENERAL APPLICATION OF THE SIZES OF ANTHRACITE 

Ek. the largest size generally marketed for domestic purposes, should be used in 
furnaces having a diameter or width of not less than 24 in. and a depth of at least 16 
in. The firing of this size in smaller furnaces often results in unnecessary ashpit 
losses. 

Stove is generally suitable where the firepot is not less than 16 in. wide and 12 in. 
deep. 
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Chestnut is suitable fdr furnaces 10 to 16 in. deep and up to 20 in. in diameter. It 
is also suitable for many types of kitchen ranges and service water heaters. 

Pea frequently can be used to advantage where the boiler or furnace is considerably 
larger than necessary. It can also be used in mild weather for banking. In substi> 
tuting pea for the larger sizes, care must be exercised in shaking the grates, and 
adequate draft must be available. Pea is also used for service water heaters and 
kitchen ranges. Pea is the smallest size that can be used with natural draft under 
normal conditions (domestic). 

No. 1 buckwheat is mostly used in magazine feed boilers, mechanical stokers, and 
with forced-draft blowers. Its use with natural draft requires a chimney height of at 
least 50 ft. 

No. 2 buckwheat, or rice, is used on some domestic stokers. Depending upon 
design, the rating of the same will range from equal to 10 per cent below operation on 
No. 1 buckwheat. Rice is also a popular size in small hand-fired commercial plants 
with forced draft for combustion. 

No. 3 buckwheat, or barley, is used extensively in manufacturing and large steam 
plants. It is usually burned on traveling-grate stokers (see Chap. 23 for further 
details). Considerable barley is hand-fired with forced-draft systems in the smaller 
and medium-sized plants. 

No. 4 buckwheat is used in traveling-grate stokers, mixed with bituminous coal, 
pulverized, briquetted, etc. 

No. 6 buckwheat is principally used for pulverization. 


Additional Uses for Steam-size Anthracite^ 

1. No. 1 buckwheat 

a. Domestic hand-fired and stoker-fired 

b. Industrial hand-fired-stoker-fired (underfeed and (Tossfecd) 

c. Producer-gas manufacture 

d. Tobacco curing 

e. Artificial graphite 

/. Zinc oxide processing—electric-furnace electrodes 

2. No. 2 buckwheat (rice) 

a. Domestic and commercial stokers 
h. Producer-gas manufacture—brick manufacture 

3. No. 3 buckwheat (barley) 

a. Traveling- and chain-grate stokers 

b. Admixture with bituminous for smoke abatement 

4. No. 4 buckwheat 

a. Cement kilns—ore sintering—chemical processes 

b. Traveling- and chain-grate stokers 

c. Admixture with bituminous for smoke abatement 

5. No. 5 buckwheat 

a. Cement kilns—ore sintering—coke manufacture 
h. Pulverized burning in combustion units 

c. Direct ore reduction 

d. Briquette manufacture—^foundry facing 

e. Brick manufacture 
/. Chemical processes 

1 Kerrick, J. H., Research Engineer, The Philadelphia & Reading Coal A Iron Co., Philadelphia, 
Pa,, September, 1949, 
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Table 3-15. Commercial Production of Anthracite by Sizes^ 


Size 

Net tons 

Per cent 

Size 

Net tons 

Per cent 

Broken. 

146,672 

0 3 

Buckwheat No. 2 (rice).... 

4,490,755 

7.9 

Egg . 

3,201,699 

5 6 

Buckwheat No. 3 (barley). . 

5,793,915 

10.1 

Stove . 

11,419,511 

20 0 

Buckwheat No. 4. 



Chestnut. ... . . . 

14,277,938 

24 0 

Buckwheat No. 5 . 

4,906,299 

8 6 

Pea . 

5,183,371 

9 1 

Total commerical pro¬ 



Buckwheat No. 1 (buck¬ 



duction . 

57,183,601 

100.0 

wheat) . . 

7,763,441 

13 5 





* Anthraeito Cornmittcsc, 1946. Excludes river coal (1,132,394 tons, mostly rice and smaller) 
Includes 313,204 tons i)urchased from “bootleggers.” 


Table 3-16. Principal Uses of the Fine Sizes of Anthracite^ 

(In tons) 


Size, in. 

X 

X 3^4 

Hi. xo 

Use 

No. 3 buck¬ 
wheat (barley) 

No. 4 buck¬ 
wheat 

No. 5 
buck¬ 
wheat 

Traveling grates 

4..560,000 

1,447,700 

0 

Underfeed stokers 

504,900“ 

458,000“ 

0 

Hand tiring 

424.900 

5,400 

0 

Ore sintering 

98,300 

84,000 

74,700 

Manufacturing carbon electrodes... 

15,200 

800 

800 

Manufacturing chemicals. 

1,100 

0 

0 

Manufacturing foundry facings . 

0 

0 

2,700 

Pulverization 

0 

654,600 

481,500 

Briquetting. 

4,400 

263,800 

11,400 

Mixed with bituminous 

1,900 

16,900 

0 

Coke blending . 

0 

0 

16,300 

Special uses (miscellaneous). 

113,300 

5,700 

2,700 

Totals . 

5,724,000 

2,936,900 

590,100 


* From figures compiled by Frank C. Wright, Jr., as based upon 1943 usage. Exclusive of colliery 
boiler fuel, an annual outlet for some 2,000,000 tons of the fine sizes. 

® Much of this coal is probably mixed with bituminous coal. 

NONFUEL USES OF ANTHRACITE^ 

There are many nonfuel uses of anthracite, and research is today finding additional 
uses which will have the effect of improving the recovery of the mined product. The 
following list, though incomplete, gives a rather comprehensive picture of the applica¬ 
tion of anthracite to uses other than combustion. 


1. A filter medium 

2. Manufacture of graphite 

3. Foundry facings 

4. Carbon refractories 

6. Electric furnace resistors 

6. Heat-transfer tubes 

7. Diaphragm plates 

8. Carbon structural forms 

9. Acid-resisting vats 
10. Paint pigment 


11. Carbon brushes 

12. Carbon electrodes 

13. Telephone granular carbon 

14. Activated carbon 

15. Paper-mill digester plugs 

16. Explosives 

17. Dosludging agent in oil refining 

18. Black concrete roads 

19. Manufacture of oyster-shell lime 

20. Sewage disposal 


^ Eibrutck, J. H , Research Engineer, The Philadelphia & Reading Coal & Iron Co., Philadelphia, 
Pa.i September, 1949. 














PHYSICAL CHARACTERISTICS OF ANTHRACITE 


In many of these applications, strict specifications are presented to the industry. 
With the accordingly improved technology of preparation, there is seldom, if ever, a 
specification designed to meet a need which cannot be met by some combination of 
preparation facilities now available in the field. 

PHYSICAL CHARACTERISTICS OF ANTHRACITE 

Weight and Density of Anthracite. Anthracite varies in bulk density because of 
the different conditions under which it was formed. Although this difference does not 
affect the heat value of the coal per pound, it does affect the heat value per cubic foot 
in direct proportion to the difference in bulk. Therefore, when feeding or burning 
devices which handle the coal on a bulk rather than a weight basis, as virtually all do, 
are under consideration, allowances must be made for the density or change in density 
as between one coal and another. A worm feeder supplying a constant volume of 
coal per hour, for example, will feed varying amounts of heat units per hour according 
to the formula 


Btu input/hr == (cu ft/hr) X (Ib/cuft) X (Btu/lb) 


Other factors affecting the space occupied by a particular size of anthracite include 
uniformity of sizing, type of coal fracture, and surface moisture. 

Weight and Volume of Anthracite Ash. The weight and volume of ash are subject 
to considerable variations, depending upon such factors as (1) the percentage of ash 
in the coal; (2) the amount of carbon or unburned coal in the ash; and (3) the type of 
ash, such as whether fine or clinkcred, fluffy or compacted. The values in Table 
3-17 are thus only approximate ranges for general use. 


# 

Table 3-17. Weight and Volume of Anthracite Ash (Approximations) 

Weight of EHh. 25-45 lb per cu ft 


Volume of ash from a ton of coal 


9-12 cu ft 
7- 9bu 


Table 3-18. Weighted Average Specific Gravities of Anthracite** 

(By fields and districts) 


Field and district 

No. of 
analyses 

Sp gr 

Ash, 
per cent 

Moisture, 
per cent 

Northern: 





Wanamie and Loree collieries 

55 

1 58 

9 1 

5.2 

Olyphant and Eddy Creek collierieb 

41 

1 53 

9 5 

4 5 

Field avg. 

96 

1.56 

9 3 

4 9 

Eastern middle field avg 

22 

1.65 

8.5 

5.1 

Western middle: 





Shamokin 

15 

1.49 

11.1 

2.3 

West Mahanoy . . 

19 

1 64 

12 5 

3.7 

Field avg 

34 

1.57 

11.8 

3.0 

Southern: 





Panther Creek ... 

13 

1 65 

9.7 

3.6 

East Schuylkill ... ... 

f> 

1.68 

11 8 

3.6 

West Schuylkill. 

10 

1 64 

11 4 

5.2 

Lykens .... 

12 

1 52 

11 9 

3.3 

Field avg 

41 

1.62 

11 2 

3 9 


• Note that specific gravities shown herein are the “true” specific gravities of the coal in lump, and 
not the apparent specific gravities of broken coal as marketed and used. 
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Table 8-19, Average Specific Gravities of Face Samples of Anthracite from Different 

Fields^ 


Field, district, and colliery 

No. of 
analyses 

Sp gr 

Ash, 
per cent 

Moisture, 
per cent 

Northern field: 





Wanamie No. 18 

17 

1 60 

10 1 

5.0 

Wanamie No. 19 

6 

1 55 

8 6 

5.0 

Loree 

15 

1.59 

8 8 

5.5 

Lorec No. 2. . 

5 

1 56 

9 4 

5.4 

Loree No. 3.. . . 

2 

1 54 

8 1 

5 3 

Loree No. 4. 

2 

1 60 

8 5 

5 4 

Loree No. 5. 

8 

1.59 

8 4 

5.7 

Olyphant ... 

14 

1 51 

8 3 

4.6 

Eddy Creek .. 

27 

1.54 

10.1 

4.4 

Eastern middle field: 





Highland No. 5 . 

9 

1.64 

8.4 

5 1 

Jeddo No. 7. ... . ... . 

1 

1.66 

9 5 

5 1 

Jeddo No. 4. 

12 

1.65 

8.5 

5 1 

Western middle field: 





Shamokin district, Bear Valley , . . 

15 

1.49 

11.1 

2 3 

West Mahanoy district. Bast. 

19 

1 64 

12.5 

3.7 

Southern field: 




1 

Panther Creek District, Nesquehoning . 

11 

1 65 

9 5 

3 4 

Coaldale. . 

2 

1 65 

11 1 

3 9 

East Schuylkill district, Alliance 

6 

1 68 

11 8 

3 5 

West Schuylkill district, Pine Knot 

1 

1 04 

11 4 

5 2 

Lykens Valley, Brookside.. 

7 

1 54 

13 6 

4 3 

Short Mountain 

5 

1 49 

9 6 

1 9 


1 U.S. Bureau of Mines analyses. Additional information will be found in Analyses of Pennsylvania 
Anthracite, U,S, Bur. Mines Tech, Paper, 659. 


Table 3-20. Bulk Weight of Anthracite 

(Pounds per cubfc foot) 


Region 

Size 

Lehigh 

Wilkes-Barre 

Scranton 

Shamokin 

1 Lykens 

Avg 

Egg . 

58.9 

57 1 

54 4 

53 1 

51 7 

55 0 

Stove 

59 3 

57 8 

53 8 

53.8 

51 0 

55 1 

Chestnut 

60 2 

58 0 

54 2 

53.8 

50 0 

55 2 

Pea. 

57 1 

54 4 

54 1 

52 0 

49 8 

5S 4 

Avg 

58 9 

56.8 

54.1 

53 2 

50.6 

54 7 


Buckwheat, nee, and barley weigh approximately the same as pea coal. 

Weight and Bulk of Anthracite. The bulk density of anthracite is due not only to 
its specific gravity but also to the shape of the pieces and smoothness of surface. In 
uniformly sized coal, this allows the pieces to distribute well and results in a fuel bed 
with uniform air passages. 


Table 3-21. Cubic Feet Occupied by 1 Ton of Anthracite 


Region 

Size 

Lehigh j 

Wilkes-Barre 

Scranton 

Shamokin 

Lykens 

Avg 

Egg. 

33 9 

35.0 

36 8 

37.7 

38 7 

36.4 

Stove. 

33.7 

34.6 

37.2 

37.2 

39.2 

36.4 

Chestnut. 

33.2 

34.5 

36.9 

37.2 

40.0 

36.4 

Pea. 

35 0 

36.8 

37.0 

38 5 

40 2 

37 5 

Avg. 

33.9 

35.2 

37.0 

37 6 

39 5 

36.6 


Buckwheat, rice, and barley occupy approximately the same space as pea. 
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Table 3-22. Weights per Cubic Foot by Sizes of Typical Commercial Anthracites' 


Colliery | 

Size 

] 

Lb loose 

Lb packed 

Lb avg 

Dorrance, northern field (in Wilkes- 

Broken.... 

48.0 

52 6 

50.3 

Barre) 

Egg 

49.1 

53.5 

51,3 


Stove. 

49,1 

54.3 

51 7 


Nut . 

50 3 

54.4 

52 3 


Pea 

48 8 

53 8 

51 3 


Buckwheat 

48 8 

53 5 

51 2 


Rice 

48 0 

53.3 

50.6 


Barley ... 

47.8 

53.5 

50 6 


No. 4 buckwheat. 

46 3 

52.0 

49.1 

Prospect, northern field (at northeast 

Broken. 

50 3 

54.0 

52 1 

limits of Wilkes-Barre) 

Egg 

50 3 

54 9 

52 6 


Stove 

49 6 

55 4 

52 5 


Nut 

52 0 

56 6 

54 3 


Pea 

51 0 

56 4 

53.7 


Buckwheat 

49 8 

54 6 

52 2 


Ricc 

49 6 

55 1 

52 4 


Barley 

f 49 4 

55 1 

52 3 


No. 4 buckwheat 

48 3 

55 6 

51 9 


No. 5 buckwheat 

45 8 

53 5 

49 6 

Hazleton shaft, eastern middle field 

Broken 

52 5 

55 7 

54 1 

(in Hazelton) 

Egg 

53.8 

56.8 

55.3 


Stove 

55 0 

57 2 

56 1 


Nut 

55 3 

57.7 

56 5 


Pea 

54 5 

57 0 

55.7 


Buckwheat 

53 0 

56.1 

54.5 


Rice . . 

52 1 

56 6 

54.4 


Bariev . 

51 3 

54 5 

52 9 


No. 4 buckwheat 

51 0 

54 5 

52 8 

Spring Mountain, eastern middle field 
(southwest of Hazelton) 

Egg 

54 4 

56 4 

55 4 

Stove 

54 2 

56 6 

55 4 

Nut 

54 4 

56 3 

55 3 


Pea 

52 4 

55 7 

54 1 


Buckwheat 

52 4 

55 3 

53 8 


Rice . . 

51 5 

55 2 

53 4 


Barley 

52 2 

55 7 

54 0 


No. 4 buckwheat 

48 6 

53 3 

51.0 


* Lehigh Valley Coal Co. 


Table 3-23. Analyses and Physical Properties of Barley Anthracite 


Properties 

Approx ranges 

Avg of 41 
breakers® 

Proximate analyses: 



Volatile matter, per cent 

3 0-8 0 

4 4 

Fixed carbon, per cent 

77-86 

82 1 

Ash, per cent . , . .... 

9 5-17.5 

13 6 

Sulphur, per cent. . 

0 5-1.2 

0 7 

Per cent fixed carbon, dry mincral-matter-free basis 

92-98 


Heat value, Btu, dry basis 

12,000-13,600 

12,890 

Moisture (as received), per cent. 

Softening temp of ash, deg F 

5-7 

7 2*' 

2400-3000 

2800 

Approximate ignition temp, deg F... 

Weight and volume; 

525-775 


Sp gr. 

Lb per cu ft. 

1 45-1 75 


50-60 


Cu ft occupied by 1 ton . 

33-40 


Tendency to spontaneous combustion 

Grate recommended: 


None 

Proper type . 

Stationary or i 

dumping 

Max size of air opening . 

M 6“^^ 2 


Free air space, per cent. 

Combustion rate; 

4-10 


Hand-fired . ... 

15-20 


Hand or semistokers . 

18-23 


Traveling-grate stokers. 

Availability: 

20-40 

5,800,000 


Tons mined in 1942 . 


Per cent of total breaker production 

10.0 


Approximate F.O.B. mines cost (1942) 

$2.50 



« Based upon U.S. Bur. Mines Repts, Invest. 3283, 1935, analyzing 268 samples from 41 breakers 
mining 50 per cent of all anthracite. 

^ Measured at breaker. 
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COMPARISON BETWEEN FRESH-MINED AND WEATHERED COAL 

According to Sisler, Fraser, and Ashmead,^ the calorific value of the coal in silt 
banks that have stood for some time is a little lower than that of fresh, mined coal of 
the same ash content. This deterioration varies with the age of the bank and was 
over 4 per cent in the most extreme case of weathering. They found that the coal in 
banks which are in use for storing silt and which have accumulated for 5 to 10 years 
has 100 to 200 Btu per lb lower calorific value than fresh-mined coal of the same ash 
content from the same colliery. In banks that have been exposed for 40 years, this 
difference is as much as 500 Btu per lb. 

Actual comparisons between reclaimed and fresh-mined coal from the same mine 
at GirardviUe, Schuylkill County, also show an average difference of 270 Btu for seven 
sizes. However, in this case there was also a 0.93 per cent difference in the ash content 
which could account for the lower Btu of the weathered sample instead of the exposure. 
As both the weathered and the deep-mined coals were cleaned on the same equipment, ^ 
it is not known whether the difference in ash can be attributed to weathering or not 
(see Table 3-24). 


Table 3-24. Comparison between Fresh-mined and Weathered Anthracite 

(Location: GirardviUe, Schuylkill County) 



Stove 

Chest¬ 

nut 

Pea 

Buck¬ 

wheat 

Rice 

Barley 

No. 4 
buck¬ 
wheat 

Avr 

Moisture, as received: 
Fresh. 

4 0 

4 0 

4 5 

4 5 

5 0 

6 0 

6 0 

4 86 

Weathered. 

4.5 

4 5 

4 7 

4.8 

5 0 

6.0 

6 0 

5 11 

Volatile dry: 









Fresh . 

4 4 

4 4 

4.5 

4.6 

4 8 

4.8 

4 8 

4 61 

Weathered. 

4 6 

4 6 

4 8 

5.0 

5 0 

5.0 

5 0 

4 86 

Fixed carbon dry: 









PYesh . 

86 6 

86 6 

85 5 

84.9 

84 2 

84.2 

84 2 

84 59 

Weathered. 

84 9 

84 9 

84.7 

84.0 

83 5 

83.0 

83.0 

84.00 

Ash, dry: 









Fresh. 

9 0 

9 0 

10.0 

10.5 

11 0 

11.0 

11 0 

10.21 

Weathered. 

10 5 

10.5 

10.5 

11.0 

11.5 

12 0 

12.0 

11 41 

Sulphur, dry; 









Fresh. 

0 6 

0 6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.60 

Weathered. 

0 6 

0.6 

0.6 

0.6 

0 6 

0.6 

0.6 

0.60 

Btu/lb dry: 









Fresh . 

13,550 

13,550 

13,410 

13,335 

13,250 

13,250 

13,250 

13,413 

Weathered. 

13,250 

13,250 

13,250 

13,175 

13,075 

13,000 

13,000 

13,143 

Ash fusion: 









Fresh . 

2,950 

2,950 

2,950 

2,950 

2,950 

2,950 

2,950 

2,950 

Weathered. 

2,920 

1 2,920 

2,920 

2,920 

2,920 

2,920 

2,920 

2,920 


Other investigators report somewhat more difficult ignition with weathered coal, 
which has been variously attributed to (1) a natural distillation of the lighter volatiles, 
(2) surface coatings of thin noncombustible films, and (3) surface oxidation. 

Weathered samples frequently show abnormally high percentages of volatile matter. 
This is attributable to water of hydration in the ash-forming minerals of the sample 
and does not represent an increase in the percentage of combustible volatile matter. 

One point is reasonably certain, and that is that any appreciable deterioration of 
anthracite on any point of analysis will be only as the result of years of storage and not 

1 SxBLBR, J. D., T. Frassr, and D. C, Ashmead, “Anthracite Culm and Silt,*' Pennsylvania Geo¬ 
logical Survey Bull. M-12, 4th Ser., p. 19, 1928. 

* Chance cones for stove and nut, hydrotators for pea and smaller. 
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of the seasonal or year-to-year storage encountered in industry or at the consumer 
level. 

Discoloration of Bank Coal 

A study of the red and yellow discolorations commonly found on bank and other 
weathered coal indicates that it is the precipitation of the different chemical agents 
which have been leached from the slates, shales, stones, and minerals by the water 
which has come in contact with the coal during storage. 

A qualitative analysis of typical stains (Table 3-25) shows the presence of traces of 
chlorides, carbonates, and silicates; sulphur as both sulphates and sulphides; iron and 
aluminum as oxides; and traces of calcium and magnesium as oxides. 


Table 3-26. Typical Composition of Stains on Weathered Coal 

(In grams per gram of anthracite) 



Red 

stain 

Y ellow 
stain 


Red 

stain 

Yellow 

stain 

Silicates. 

Trace 

Trace 

Iron oxide. 

0 0019 

0.0048 

Chlorides. 

Trace 

Trace 

Alumina. 

0 0003 

Trace 

Carbonates 

Trace 

Trace 

Lime. 

0 0003 

Trace 

Sulphates 

0 0016 

0 0010 

Magnesia . 

Trace 

Trace 

Sulphides. 

0.0002 

0.0001 





Table 3-26. Typical Analyses of Anthracite Reclaimed from “Banks’*^ 


County, town, and operation 

Coal size 

1 Proximate analysis (dry), per cent 

Btu, 

dry 

basis 

Ash- 
Boften- 
ing 
temp, 
deg F 

Volatile 

Fixed 

carbon 

Ash 

Sulphur 

Luzerne County: 








Avoca (Langcliffe) .... 

Nut 

6 9 

76 4 

16 7 

0 7 

12,220 



Pea 

7 3 

80 5 

12 2 

0 7 

12,900 



Buckwheat 

7 5 

79 0 

13 5 

0.6 

12,650 


Milnesville (Coldspring) . 

Stove 

4 3 

84 8 

10 9 

0 7 

13,100 



Nut 

4 6 

84 6 

10 8 

0 7 

13,100 



Pea 

4 5 

81 8 

13 7 

0 7 

12,610 



Buckwheat 

5 2 

77 5 

17.3 

0 6 

12,050 



Rice 

5,1 

83 4 

11.5 

0.7 

12,890 



Barley 

5.7 

79.9 

14.4 

0.6 

12,430 


Schuylkill County: 








Branch Dale (Otto). 

Nut 

6 1 

80.3 

13.6 

0 5 

12,690 

2,860 


Pea 

6 1 

80 2 

13.7 

0 5 

12,610 

2,860 


Buckwheat 

7 0 

78 7 

14.3 

0 6 

12,610 

2,910+ 


Rice 

6.8 

80 7 

12 5 

0 5 

12,630 

2,910+ 


Barley 

7.6 

80 2 

12 2 

0 6 

12,840 


Gilberton (Gilberton). 

Stove 

5 0 

79.6 

15 4 

0 6 

12,450 

2,910+ 


Nut 

4.4 

80 7 

14 9 

0 6 

12,470 

2,910 + 


Pea 

4.9 

79 5 

15.6 

0 6 

12,400 



Barley 

5 7 

80 5 

13 8 

0 5 

12,530 


Girardville. 

Buckwheat 

5 6 

79 7 

14 7 

0 5 

12,450 



Barley 

5.7 

77.6 

16.7 

0 5 

12,150 



1 Analyses of Pennsylvania Anthracitic Coals, U.S. Bur. Mines Tech. Paper 659. 


River coal, which in 1946 accounted for the remaining 2 per cent of production, is 
coal which has been washed into streams and rivers draining the region, principally 
the Susquehanna and Schuylkill, and to a lesser extent the Lehigh, during the course 
of mining, preparation, and storage. While accurate estimates are impossible, Sisler, 
Fraser, and Ashmead estimated that as of 1928 there were at least 900,000,000 tons of 
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material on the river bottoms which contained sufficient percentages of coal to make 
working profitable. In 1946, a total of 1,132,394 net tons were mined. The size 
distribution of the 886,693 tons shipped to market as shown in Table 3-27 is as reported 
by the U.S. Bureau of Mines (see Table 3-28 for typical analyses). 

“Bootlegging,” tonnages of which are 
not generally included in published 
industry totals, accounts for the only 
remaining source of anthracite. About 
1,450,000 net tons were mined in 1946. 
As of March, 1947, 863 ^‘bootlegholes 
were being worked by 2,817 men. 
Originally started as a company-tolerated 
means for furnishing heat for the diggers * 
individual homes during the darkest days of the depression, the practice soon 
far outreached this scale to reach a peak of over 6 million tons (1941). Basically 
the coal is the same as that from strippings, but the crude preparation plants almost 
ensure high ash, poor sizing, and questionable weights. 


Table 3-27. “River Anthracite” 
Shipped in 1946 

Net Tons 


Pea. 605 

Buckwheat No. 1. 7,657 

Buckwheat No. 2 (ncc). 40,319 

Buckwheat No. 3 (barley). 164,304 

Buckwheat No. 4 . 276,515 

Other, including silt. 397 ,239 

Total. 886,639 


Table 3-28. Typical Analyses of Anthracite “River” CoaB 



Proximate analysis (dry), per cent 

Btu, 

Ash- 

soften- 

County, town, and operation 

Volatile 

Fixed 

carbon 

Ash 

Sulphur 

dry 

basis 

ing 
temp, 
deg F 

Dauphin County; 

Harrisburg: 

Cedar Street Landing. 

7 0 

75 8 

17 2 

0 5 

12,120 

2,760 

Clarks Ferry Landing . 

7 3 

76 6 

16 1 

0 5 

12,280 

2,790 

Coxtown Landing . 

7 0 

76 6 

10 4 

0 6 

12,250 

2,860 

Paxton Street Landing . 

7 1 

73 9 

19 0 

0 0 

11,800 

2,760 

Lancaster County: 

Holtwood Dam . 

8 4 

76 2 

15 4 

0 6 

12,440 

2,730 

Holtwood Dam (culm) . 

7 5 

76 1 

16 4 

0 7 

12,310 

2,800 

Holtwood Dam (Peqiiea). 

7 8 

72 2 

20 0 

0 5 

11,750 

2,440 

Northumberland County: 

Dornsife (Barton) barley" .. 

7 1 

73 8 

19 1 

0 6 

11,840 

2,910 + 

Paxinos (Shamrock) 

7 8 

77 8 

14 4 

0 7 

12,870 

2,890 

Snydertown (Dalton) barley 

8 0 

75 1 

16 9 

0 8 

12,350 

2,880 

Snydertown (Kulp) Nos. 4 and 5 buck¬ 
wheat. 

8 2 

80 8 

11 0 

0 7 

13,260 

2,800 

Snydertown (Saville) barley. . 

8 3 

75 4 

16 3 

0 7 

12,430 

2,750 

Snydertown (Saville) Nos. 4 and 5 buck¬ 
wheat . 

8 6 

78 3 

13 1 

0 7 

12,920 

2,690 

Schuylkill County: 

Gordon (Barry) No. 4 buckwheat. 

6 6 

80 0 

13 4 

0 6 

12,.580 

2,880 

Gordon (Gordon) rice . 

5 7 

74 0 

20 3 

0 5 

11,670 

2,910 + 

Reynolds (Reynolds) buckwheat 

5 2 

81 4 

13 4 

0 5 

12,.570 

2,920 + 

Reynolds (Reynolds) rice.. . 

4 8 

84 0 

11 2 

0 5 

13,040 

2,910+ 

Reynolds (Reynolds) No. 5 buckwheat 

4 9 

81 2 

13 9 

0 4 

12,580 

2,850 


1 Analyses of Pennsylvania Anthracitic Coals, U,S. Bur, Mines Tech. Paper 659. 
« Semianthracite. 


MIXTURES OF BITUMINOUS COAL AND ANTHRACITE^ 

Field tests of various mixtures of bituminous slack coal and anthracite, barley size 
and smaller, on industrial stokers show that the use of such mixtures is very practical 

iBabklst, J. F., L, R. Bvbdick, and R. Wiooers, Tests of Bituminous-anthracite Mixtures on 
Industrial Stokers, U.S, Bur. Mines Repts. Invest. 3916, May, 1946. Finn, E. E., “Admixture of 
Anthracite to Bituminous Coal,” Anthracite Institute mimeographed undated release. 
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and that improved conditions may result where one or more of the following factors 
prevails: 

1. The mixture will produce a resultant price advantage in the locality. « 

2. Smoke is an objectionable factor. 

3. It is difficult to obtain low-volatile bituminous coal, or high-volatile mixed with 
anthracite to approximate low-volatile results in material savings of fuel cost. 

4. Bituminous coal, either hand- or stoker-fired, is used in domestic furnaces. 

5. Coke is produced. (The U.S. Bureau of Mines states that anthracite No. 4 
or No. 5 buckwheat can be mixed successfully with bituminous coal in the production 
of coke in proportions of 5 to 10 per cent.) 

Advantages and Disadvantages. Advantages of bituminous-anthracite mixtures 
include ability to approximate low-volatile performance with high-volatile in the mix, 
improved imiformity of the fuel bed of single-retort stokers with resultant less manual 
attention, decreased smoke, a general lessening of clinker, improved banking condi¬ 
tions, and weakening of the coke and coke-tree structure. 

Disadvantages include increased fly ash (with smaller anthracite sizes only), 
increased combustible in the fly ash and refuse, and a tendency to reduce the peak¬ 
load carrying capacity, especially with the higher percentages of anthracite. 

In general, the efficiencies obtained on single-retort stokers with the lower percent¬ 
ages of anthracite in the mixtures are about the same as with bituminous coal only; 
with the higher percentages of anthracite the over-all efficiencies were found to be 
somewhat lower (Fig. 3-4).^ 

Percentage to Mix. The best percentage of anthracite to use at a given installation 
depends on many factors, such as the size consist, the volatile and ash content, the ash 
fusion of the fuels to be used, the load conditions, the smoke production, and the type 
of equipment available. It should be determined by trial for each installation. 

Finn gives the following very general rules for determining the mixture: 

1. It is generally safe to start with 25 per cent anthracite. After the fireman has 
become thoroughly familiar with this mix, it may be increased if conditions and peak- 
load performance warrant. 

2. An excess over 25 per cent is usually possible where the boiler load is uniform or 
where an exceptionally high-volatile coal is in use. 

3. Bituminous coal-anthracite mixtures are usually less advantageous with low- 
volatile bituminous. A trial mixture should not be over 10 to 15 per cent anthracite. 

In very general terms, the poorer and less satisfactory the bituminous coal, the 
more advantageous the mix and the greater the percentage that can be mixed 
advantageously. 

Size of Anthracite. General rules for the selection of a size of anthracite to mix are: 
(1) buckwheat or rice may be used with run-of-mine bituminous (although this mix¬ 
ture is less satisfactory than those of the more homogeneous sizes because of the 
difficulty of retaining the mixture and of securing uniform burnouts); (2) rice or 
barley can be used with nut and slack bituminous; and (3) barley. No. 4 or No. 5 
buckwheat can be used with bituminous-coal slack. 

Method of Mixing. The method of mixing will necessarily be dictated by the type 
and size of the plant and the equipment available. The Bureau of Mines says, ‘Tt is 
a mistake to conceive that the needed mixture must be a 100 per cent thoroughly 
uniform fuel before it enters the stoker; it should not, however, have large, segregated 
batches of anthracite. Considerable mixing occurs in the stoker itself. The higher 
the percentage of bituminous coal fines, the more readily the anthracite particle can 

1 Finn points out that, where the combustion space is too small to bum all the volatile gases properly, 
a mixture of anthracite may definitely increase the boiler output by reducing the escape of unburned 
fuel. 
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be coated. The higher the percentage of anthracite, the more careful must be the 
external mixing.^' 

In mixing by loading alternate layers of anthracite and bituminous coal on a truck, 
it is important to load the anthracite on the bottom. Finn also calls attention to the 
proved effectiveness of using the layer method of barge loading. 



Fig. 3-4. Effect of various percentages of anthracite in mixtures of bituminous coal and 
anthracite. (17.5. Bureau of Mines, Kept. Invest, 3916.) 

Use of Admixtures for Pulverized-coal Firing. Tests conducted in 1936 by Berger ‘ 
on the Phillipsburg, N.J., plant of the Baker Chemical Co., are still the best available 
comparison of pulverized anthracite, bituminous coal, and admixtures. 


> BfiBasR, J. G., Consulting Engineer, Newark, N.J., Engineering Report Covering Acceptance Tests, 
Observation Run, Recommendations, and Final Conclusions Relative to New Boiler Plant of the J. T. 
Bakei Chemical Company, Phillipsburg, N.J., Feb. 1, 1936. Private report, quoted by permission. 
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The plant consisted of one 400-hp Keeler, twd-longitudinal-drum water-tube boiler; 
Kennedy-Van Saun air-swept tube mill, 5 by 7 ft; DeWolf suspended air-cooled wcdls 
for the sides and rear, with foebrick floor. No superhea/ifcer or economizer. Coal was 
fed by a 30-in .-diameter disk feeder with J4-hp motor. Burners consisted of two 
Kennedy Vortex, downfiring, size 2 by 18 in., under which were watei:-cooled deflector 
bars. 

The condensed results of three 8-hr (nominal) tests on anthracite, a 50:50 mixture 
of anthracite and bituminous coal, and bituminous coal are as shown in Table 3-29. 


Table 3-29. Comparison of Bituminous Coal, Anthracite, and Admixtures for 

Pulverized-coal Firing^ 



Anthracite 
No. 4 buck¬ 
wheat 

Admixtures 
50; 50 mix 

Bituminous 

cold 

Coal analyses (dry basis): 




Volatile matter, per cent.. . 

5 94 

11 81 

32 48 

Fixed carbon, per cent. . 

82 97 

78 75 

58 72 

Ash, per cent. . 

11 09 

9 44 

8.80 

Sulphur, per cent. 

0 54 

1 19 

1.44 

Heat value per lb, Btu .... 

13,510 

14,080 

14,260 

Heat balance: 




Heat absorbed (efficiency), per cent. 

81.68 

85 27 

80.73 

Loss to evaporation moisture, per cent. 

1.03 

0.65 

0.86 

Loss to hydrogen, per cent .. . 

2.06 

2 84 

3.73 

Loss to dry flue gas . 

10.13 

9.90 

7.45 

Loss to carbon monoxide, per cent . . 

0 0 

0.0 

0.0 

Loss to combustible in ash, per cent . . 

0 0 

0.0 

0 0 

Loss unaccounted for, per cent. . 

5.1 

1.34 

7.23 

Totals and averages: 




Temp of flue gas, deg F... . . 

449 

456 

469 

Draft at boiler outlet, in . . . 

0 2 

0,239 

0 25 

Draft in furnace, in. . 

0 05 

0 052 

0.06 

Temp air for combustion, deg F. ... . 

184 

208 

223 

Temp secondary air, deg F. 

238 

220 

232 

Dry coal fired per hr, lb. . . 

1,450 

1,380 

1,548 

Equivalent evaporation per sq ft heat surface, ll> 

4 12 

4.26 

4.59 

Bhp developed. 

477 

493 

533 

Per cent rated capacity 

119 

123 

133 

Evaporation per lb dry coal, lb ... 

11 10 

11.90 

11.58 

Equivalent evaporation per lb coal as fired, lb . 

10.21 

11.52 

10.78 

Equivalent evaporation from and at 212°F, lb .. 

11.37 

12.37 

11.85 

Analysis of stack gases: 




Carbon dioxide (Orsat), per cent.. . 

13.72 

13 35 

13.16 

Oxygen, per cent ... . 

4 4 

4 8 

4.23 

Carbon monoxide, per cent . 

0 

0 

0 

Nitrogen (by difference), per cent . 

81.88 

81.85 

82.61 

Per cent excess air. . 

26 

28 

24 


» Data condensed from acceptance test and report of J. G. Berger, Consulting Engineer, Newark, 
N.J., on Phillipsburg, N.J., plant of Baker Chemical Co. Reproduced by permission. 


It will be noted that the efficiency was highest with the admixture. The use of both 
anthracite and admixtures depressed the boiler ratings somewhat, the figures being 
133 per cent for bituminous, 123 per cent for the admixture, and 119 per cent for 
anthracite. 

As to operating results, Berger comments that there is danger of loss of ignition with 
straight anthracite under certain conditions. When only a partial loss occurs, it lands 
as a sticky mass on the floor or rear wall and slags; whereas, if the bituminous admixed 
ignites it sooner, it will burn out to ash before striking a cooling surface and thus not 
slag. The admixture was reported to be very much better from the slagging angle 
than anthracite, and the flame propagation was very satisfactory. 
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Admixtures for Cement Manufacture. According to Harrington,^ the use of 
straight anthracite, while theoretically possible, has not as yet proved entirely satis¬ 
factory in cementmaking. High autoclaves and high free-Iime clinker will result if the 
kiln is not very closely watched. However, Harrington strongly recommends the use 
of admixtures of anthracite and bituminous coal. 

When starting the use of admixtures for the first time, he suggests 20 per cent 
anthracite in the mix, with gradual increase to a limiting condition under close super¬ 
vision of an experienced operator. The following conditions are important: (1) per 
cent moisture in the as-fired” coal mixture should be 3 per cent or under and will 
definitely give inferior results above 4 per cent; (2) a uniform mixture of the two coals 
must be maintained, as an uneven mixture will give a sputtering and surging flame 
and cool the burning zone of the kiln; (3) a coal-air temperature of 250 to 280°F 
should be maintained, burned as close to the nozzle (6 to 18 in.) as practicable—^this 
should give rapid combustion and a maximum burnout of the anthracite; and (4) 
pulverization recommended is at least 80 per cent through a 200-mesh screen, and 90 
per cent through 100-mesh. 

The use of anthracite usually results in substantial savings in those mills located 
within an area of favorable freight rates. Such savings can be readily calculated on a 
basis of prevailing prices. 


ANTHRACITIC COALS^ 

(Other Than Pennsylvania Anthracite) 

Anthracitic coals are known to occur in eight states, Arkansas, Colorado, Pennsyl¬ 
vania, Massachusetts, New Mexico, Rhode Island, Virginia, and Washington, with 
the possibility of isolated noncommercial deposits as a part of seams of other ranks in 
other states. 

Anthracitic coals have been divided into three groups: (1) meta-anthracite, a high- 
carbon coal that is usually very slow to kindle and difficult to bum; (2) anthracite, a 
high-carbon low-volatile coal of widely accepted value as both a domestic and indus¬ 
trial fuel; and (3) semianthracite, a coal lying between anthracite and bituminous coal 
in carbon and volatile content, and also, generally speaking, in burning characteristics. 


META-ANTHRACITE AND GRAPHITIC ANTHRACITE 


There are few if any extensive deposits of meta-anthracite in the United States. 
Some of the anthracites of Rhode Island contain almost negligible quantities of vola¬ 
tile and would thus fall into the meta-anthracite grouping on a basis of analysis alone. 
However, their other characteristics indicate that they should be considered as graph- 


Table 8-30. Estimated Total Reserves 
of Anthracitic Coals 

(Net tons) 


Pennsylvania. 15,000,000,000'* 

Virginia. 489,000,000 

Arkansas. 223,000,000 

Colorado . 91,000,000 

New Mexico. (Not estimated) 

Washington. 23,000,000 

Total. 15,820,000,000 


A Includes Pennsylvania anthracite. 


ite. This material is being mined for use 
as foundry facings and furnace linings. 
A typical analysis of Fenners Lodge 
graphite, from Rhode Island, is graphitic 
carbon, 55.9 per cent; silica (ash), 40.6 
per cent; sulphur, 1.6 per cent; 
moisture, 9.1 per cent; volatile, 0 per 
cent. 

Other Rhode Island coals possess per¬ 
centages of volatile that would throw them 


1 Harbxnqton, Patrick D., Combustion Engineer, Alpha Portland Cement Co., Easton, Pa., as 
reported in the July, 1949, issue of Pit and Quarry. 

* Johnson, Allkn J., Anthracites and Semianthracites in the United States, Trans. AIME Coal 
Div., vol. 157, 1944. 
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into the normal anthracite rather than the meta-anthracite cl^s. However^ this ^ * vola¬ 
tile is nearly all noncombustible, being composed dlmost entirely of carbon dioxide 
and inert gasesj therefore, its definition as volatile is open to discussion. 

The Narragansett field of Rhode Island and Massachusetts is a basin of 1,000 sq 
miles, roughly including the part of Rhode Island that is east of Providence as well 
as the southeastern part of Massachusetts south of Brockton and east of the Massa- 
chusetts-Rhode Island state line. 
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Fig. 3-5. Range of analytical values for anthracite coals. (AIMB, 1944.) 


The coal is extremely variable in character and quality, ranging from anthracite to 
graphite. Virtually all this coal possesses common undesirable characteristics. 

These coal beds arc neither uniform in thickness nor continuous. Compression has 
resulted in squeezing the plastic coal into more or less lenslike masses. As a result, 
the coal is so sheared and fractured that it possesses little coherence and is extremely 
friable, thus yielding a very large percentage of the smaller sizes. 

The fracturing of the coal has permitted the percolation of mineral-bearing solutions 
which have deposited a material similar to asbestos or asbestos quartz throughout the 
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Table 8 t 31. Commercial Sizing of Anthracitic Coals in the United States** 

(All dimensions in inches) 


Size 

Anthracites 

Semianthracites (Arkansas) 

Pennsylvania 

New Mexico 

Bernice 

Sparda 

Block 




14 X 7 

Grate and broken 

X 3M-3 

4 X 2M 

7k X4k 



(broken) 




Furnace 



7M X 2M 

6 X 2M 

Egg . . 

31.i-3 X 2^(6 

2M X 2M 

4M X 2M 

6 X 2M 

Stove... 

2K* X IH 


2M X M 

2M X IM 

Range 



2M X H 


Base burner 


IM X M 


Nut ... 



IM X M 

IM X M 

Chestnut 

X 

ik X k 

1 X M 

1 X M 

Pea .. . . 

^^{6 X 

M X M 

% X M 

M X M 

Buckwheat 

Ke X Me 

M X Me 



Buckwheat No. 2 

Me X Mo 




Buckwheat No. 3 

‘ Me X Ms 




Buckwheat No. 4 

Mz X M4 




Buckwheat No. 5 

M4 X 0 




Duff. 


Me X 0 



Slack . 



M X 0 


<* See Tables 3-6 and 3-7 for complete sizing tables for Pennsylvania anthracite. 


coal, thus materially increasing the percentage of noncombustible and rendering 
ignition extremely difficult. 

Coal from the Narragansett field is hygroscopic, especially in the smaller sizes. 
As much as 15 per cent moisture will be absorbed by dry coal in a relatively short 
exposure to moist air. As a result, the Btu value is largely dependent upon the con¬ 
ditions of mining and storage. Air-dried coal will reach 10,000 or even 11,000 Btu, 
but the same coal may drop to 6,000 to 8,000 Btu upon exposure to moisture. 


Table 3-32. Average Analyses of Various Anthracitic Coals by States^ 


Location 

Group¬ 

ing 

Num¬ 
ber of 
sam¬ 
ples 

Proximate analyses, 
per cent 

Heat 

value, 

Btu, 

dry 

Ash- 
soft¬ 
ening 
temp, 
deg F 

State 

Type coal 

Fixed 
carbon, 
moist¬ 
ure- and 
mineral- 
matter- 
free 

j 

Mois¬ 

ture 

Vola¬ 

tile 

Fixed 

car¬ 

bon 

Ash 

Sul¬ 

phur 

Rhode Island. 

“Graphitic” an- 











thracite 

96 8 

12 

11 8 

2 8 

62.4 

23 0 

0.3 

9,958 


Pennsylvania 

Anthracite 

95 1 

268 

5 5 

4.2 

79.9 

10 4 

0.7 

13,330 

2890 

Colorado .... 

Anthracite ^ 

94 2 

17 

4 7 

4 9 

80 8 

9.6 

0 7 

13,570 

2450 

New Mexico. . 

Anthracite 

93 3 

115 

3.9 

5 8 

81 9 

8 3 

1.0 

13,610 

2220 

Arkansas. 

Semianthracite 

87 8 

3 

2 4 

10 7 

77.3 

9.6 

1.9 

13,865 

2180 

Colorado. 

Semianthracite 

90 2 

77 

4.0 

8 6 

79 3 

8.1 

0.7 

13,840 

2340 

Pennsylvania. 

Semianthracite 

88 8 

6 

1.9 

9 5 

75 6 

13 1 

0 6 

13,340 

2950-h 

Virginia. 

Semian thracite 

86 8 

10 

4 3 

10.2 

67.9 

17 8 

0.7 

12,500 

2930 

Washington... 

Semianthracite 

90.7 

4 

5 2 

7.8 

77 0 

11.6 

1.0 

13,600 

2630 


> JoBNSON, Allbn J., ** Anthracites and Semi-anthracites in the United States,” AIME. 
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Additional disadvantages include explosive’* burning because of entrained mois¬ 
ture, clinkering, and difficulty in washing with conventional equipment, owing to high 
specific gravity (average of eight samples equals 2.00 specific gravity). * 

One ton of this coal occupies 25 to 30 cu ft as compared with 35 to 40 cu ft for 
anthracite. 

Special handling, specific equipment, and undercover storage are practically 
requisites. 

A report to the Massachusetts Legislature summarizes the advantages and dis¬ 
advantages of Narragansett field anthracite as follows: 

Disadvantages, (1) Irregular form and thickness of the coal beds, (2) intimate frac¬ 
turing and friability of the coal, (3) large percentage of fine material in mining (main 
mine output would contain a large percentage of the smaller sizes), (4) high content 
of noncombustible material or ash, (5) high moisture content, (6) low heating value, 
(7) difficulty of combustion, and (8) continual attendance necessary in burning it. 

Advantages, Location in an industrial region that is some distance from the nearest 
available fuel; hence low cost of delivery. 

SEMIANTHRACITE 

As coals cover a continuous range of analyses, any dividing line between anthracite 
and semianthracite must necessarily be arbitrary. This has been set at 92 per cent 
moisture- and mineral-matter-free fixed carbon, not only because it seemed to be a 
logical division from a point of customary usage and nomenclature, but also, and more 
important, because coals below 92 per cent give a tar deposit upon combustion and 
coals above 92 per cent do not. Furthermore, somianthracites, by reason of higher 
volatile, burn faster and usually, although not always, clinker more readily. There¬ 
fore, the distinction between anthracite and semianthracite is an important one, 
especially in areas where both are obtainable. 

The principal practical differences between the physical properties of Pennsylvania 
anthracite and semianthracite are a higher volatile content with a tar deposit after 
combustion, somewhat more distinct laminations due to luster contrasts, more of a 
tendency toward a rectangular rather than conchoidal fracture, lower specific gravity 
(below 1.47), somewhat softer body (2,50 to 2.75 as against 2.75 to 3.00), and more 
friable (50 per cent as against 35 per cent). 

These differences are difficult to detect by any means other than through an analysis 
and determination of the moisture- and mineral-matter-free percentages of fixed 
carbon. 

Semianthracite frequently is found as a part of veins or measures having a general 
bituminous or anthracite grouping. However, the principal deposits of semianthra¬ 
cite in the United States are in Arkansas, Pennsylvania (Sullivan County), Virginia, 
and Washington. 

Arkansas. Relatively extensive deposits of semianthracite are located in Pope and 
Johnson Counties, in western Arkansas. Production represents about 15 per cent 
of the state’s output of coal. 

Although the Arkansas Geological Survey divides this field into four districts, the 
entire area usually is referred to as the Sparda field, subdivided into the Bernice or 
Russelville field in southeast Pope County and the Sparda bed in the northwest 
(Johnson County). 

The coal beds are well exposed in this region and have suffered considerable folding, 
faulting, and erosion. 

The principal seam mined, the HartshomCj has coals of three different ranks in 
different localities—semianthracite, low-volatile, and medium-volatile bituminous. 
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Because this coal is the hardest in structure and lowest in volatile found in this 
region, it is frequently called ‘‘Arkansas anthracite,” although the analysis clearly 
indicates that it is semianthracite in rank. 

As is frequently characteristic of semianthracite, the ash-fusion temperature is low, 
the average being about 2180°F. The sulphur content is high as compared with other 
anthracitic coals (1.7 to 2.2 per cent). The excessive folding of the region has pro¬ 
duced a coal of high friability and large percentages of small sizes. 

Since the inauguration of an effective smoke-prevention campaign in St. Louis, this 
fuel has been in considerable demand. 

Pennsylvania. In Pennsylvania semianthracite is found in Sullivan County and 
in the western part of Wyoming C^ounty. Mines are at Bernice (Connell), Laporte 
(Rock Run), and Forksville (Monahan), Sullivan (‘ounty. 

Some coal at the extreme western tips of the Pennsylvania anthracite region ^s 
western middle fields (Northumberland County) and southern field (Dauphin County) 
analyze as semianthracites. 

Virginia. Semianthracite is mined extensively in the Brushy Mountain field of 
Pulaski, Wythe, and Montgomery Counties in Virginia. Although small (3 per cent) 
as compared with the Pennsylvania anthracite reserves, the estimated half a billion 
tons of semianthracite in Virginia nevertheless forms the second largest reserve of 
anthracite coals in the United States. Furthermore, because of proximity to Pennsyl¬ 
vania anthracite markets, this coal frequently is sold in competition under the common 
trade name “Virginia anthracite.” 

The highest moisture- and mineral-matter-free fixed carbon of any sample reported 
by the Bureau of Mines was 90 per cent—two full per cent below the 92 per cent 
border line between anthracite and semianthracite. The volatile analyzes as high as 
12.6 per cent, with an average of 10.2 per cent, and the ash as high as 33.8 per cent 
(delivered sample) with a 17.8 per cent average. 

In one series of comparative tests, Virginia semianthracite was found to have a use 
value of approximately 88 per cent of that of Pennsylvania anthracite. As is charac¬ 
teristic of semianthracite, it burned much more rapidly, and some soot was emitted. 

Washington. Semianthracite in the state of Washington lies in the extreme north¬ 
western county (Whatcom) on a ridge south of Glacier Greek and northwest of 
Mount Baker. 

The thickness of veins extends to 14 ft or more, but much of it is in the form of 
finely disintegrated, crushed, and weathered fragments, which appear to be soft. 
Impure laminated coal also usually forms a substantial part of the veins. 

No production on a commercial scale has yet taken place. 

Colorado. In Colorado, both anthracite and semianthracite are found in the 
Crested Butte field of Gunnison County. There is also a small isolated deposit of 
semianthracite in the Green River bituminous field of Routt County, northwest of the 
town of Steamboat Springs. 

Semianthracite found in this field is normal in all characteristics, including a low ash¬ 
softening temperature range of between 2150 and 2530°F, with a corresponding 
tendency to clinker. 

West Virginia. The U.S. Geological Survey map, “Coal Fields of the United 
States,” shows deposits of anthracite coal west of Harrisonburg in Buckingham and 
Augusta Counties, and in Berkley County, West Virginia (west of Martinsburg). 

TRUE ANTHRACITES 

The only commercial production of tnie anthracite in the United States is in the 
states of Pennsylvania and New Mexico. In addition, some true anthracite is 
located in Colorado, but it is not being mined to any extent at this time. 
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Of known reserves, Pennsylvania has over 98 per cent. In production, Pennsyl¬ 
vania as of 1940 shipped all but about 50,000 tons of true anthracite and all but 
400,000 tons of all anthra(;itic coals in the United States. ' 

For geographical reasons, the anthracites of (Colorado and New Mexico are not 
competitive with Pennsylvania anthracite. Virginia semianthracite has been in 
competition as far north as Philadelphia. Pennsylvania anthracite and Pennsyl¬ 
vania semianthracite are competitive. Pennsylvania anthracite and Arkansas semi¬ 
anthracite are competitive in the St. Ix)uis area. 

New Mexico. New Mexican anthracite is mined in the small Cerrillos field of 
Santa Fe County. The coal is of good quality with 5.8 per cent volatile and 8.3 per 
cent ash. The ash-softening temperature is low. 

Distribution is largely by rail to Arizona, California, Colorado, Kansas^ Nebraska, 
New Mexico, Texas, and Wyoming. 

Colorado. Colorado anthracite and semianthracite are found in the same fields. 
The analyses indicate a very satisfactory coal, with low to medium volatile, low ash, 
and high heat value. 

The unfavorable points are a relatively low ash-softening temperature, with 
corresponding tendency to clinker; and the fact that both anthracite and semianthra¬ 
cites are found in the same location, which might lead to a variation in the quality of 
fuel obtainable from a given section. 

Pennsylvania. Pennsylvania anthracite occurs in one region of approximately 
500 sq miles in northeastern Pennsylvania. Four fields are recognized; the northern 
field, Lackawanna and Luzerne Counties; the eastern middle field, Luzerne and Carbon 
Counties; the western middle field, Northumberland, Columbia, Schuylkill, and 
Dauphin Counties. 

With the possible exception of the practically unmined extreme western tips of the 
southern field, all coal mined in this region is true anthracite. (A more complete 
description of Pennsylvania anthracite is covered in the first part of this chapter.) 
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Range of analyses of bituminous coal. Sizing and selection of a size of bituminous 
coal. Commercial sizing of British coals. Geographic variations in coal quality. 
Quality of Middle Western bituminous coal. Plastic properties of bituminous coal. 
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Classification. Analyses. Application to small stokers. Carbonizing a subbi¬ 
tuminous coal. Briquettes from subbituminous coal. Gasification of lignite. 

1 See also Chap. 2 and sections on individual processes such as grindability and drying for the bulk 
of the information on bituminous coal. 
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BITUMINOUS COALi 


Bituminous coal has been the industrial backbone of both the United States and 
Great Britain for over a century. In the United States, 28 states report total reserves 
of l,33O,0OO,OOO,OOO net tons (Table 1-12). Reserves in these states range from a 
minimum of 100,000,000 net tons to Colorado with 212,000,000,000 net tons. By 
the latest and most conservative estimate (Chap. 1), this coal is sufficient to last for 
681 years at present rates of consumption, even after it is assumed that coal will 
eventually be called upon to assume the roles now played by oil and gas. 

Classification of Bituminous Coal. According to ASTM Standard specifications 
for the classification of coal (Table 2-1), which is the accepted standard of the industry, 
coals of true bituminous rank are divided into five groups according to either dry 
fixed carbon or moist Btu content as follows: 

II. Classification of Bituminous Coal: 

1. Low-volatile: Dry fixed carbon 78 per cent or more and less than 86 per cent 

(Dry volatile matter 22 per cent or less and more than 14 per cent) 

2. Medium-volatile: Dry fixed carlion 69 per cent or more and less than 78 per cent 

(Dry volatile matter 81 jier cent or less and more than 22 per cent) 

3. High-volatile A: Dry fixed carbon less than 69 per cent. Dry volatile more than 

31 per cent. Moist Btu 14,500 or more^ 

4. High-volatile B: Moist^ Btu 13,000 or more and less than 14,000® 

6. High-volatile C; Moist Btu 11,000 or more and less than 13,000® 

Sizing and Selection of a Size of Bituminous CoaB 

Because of the inherent differences in the fracturing characteristics and in local 
marketing conditions, screening and sizing practices vary widely in different fields. 

In general, bituminous coal sizes are expressed as two numerals, both of whi(;h refer 
to the diameter of round-hole screens used in the sizing. The first, or larger, numeral 
refers to the size of screen through which the coal was passed, and the second, or 
smaller, numeral refers to the size of screen through which the coal would not pass. 
The use of only one numeral usually means that the coal contains all the components of 
the run-of-mine sizes which passed through the one screen mentioned; the use of a 
zero or such terms as “slack” in lieu of a second numeral has the same meaning. 
Thus the term 5 by 2-in. egg means that the coal passed through a 5-in.-round opening 
but was retained on a 2-in.-round-hole screen, the word ‘‘egg” being merely a trade 
term having, in the bituminous industry, no fixed meaning; while 2- by 0-in., or 
55-in. nut slack means that the coal contains all the run-of-mine components below 2 in. 

Since, from field to field, there are almost as many size designations as there are 
fractional screens, it is important to think in terms of size of bituminous coal, and size 
range, rather than in terms of names of sizes other than as represented by the accom- 

1 Editor’s Note: As much of this volume treats the properties, preparation, and use of bituminous 
coal, it was thought expedient to place most of the material on bituminous coal under individual sub¬ 
ject headings, reserving only the very general material which could not otherwise be classified for this 
chapter. Examples of data on bituminous coal which will be found elsewhere are ailditional informa¬ 
tion on analyses, world supplies, characteristics, etc., in Chap. 2 by reason of not having been separated 
from coals of other ranks; grindability (pulverization) in Chap. 17; drying in Chap. 16, coke and coke 
making in Chap. 6; selection of bituminous coal; and all specific uses under the equipment involved. 

^ * Moist Btu refers to coal containing its natural moisture but not including visible water on the 
surface of the coal. 

• Coals having 69 per cent or more of fixed carbon on the dry mineral-matter-free basis shall be clas¬ 
sified according to the fixed carbon regardless of Btu. 

* Coal Bureau, Upper Monongahela Valley Association, Reference Bulla. 1 and 2, Fairmont, W. Va., 
and New York. 
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Table 4-1. Range of Analyses of Bituminous Coals Produced in the United States^ 
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Uncorrelated 

Uncorrelated 
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State and county 

Alabama:. . 

Bibb 

Bibb . 

Bibb 

Bibb . . 

Jefferson. 

Warrior field 

Warrior field 

Warrior field 

Walker . 

Arkansas: 

Logan 

Sebastian. 

Colorado: 

Boulder 

Herfano 

La Plata 

Las Animas . . 

Moffat 

Routt .... 

Weld . 

Illinois 

Christian. 

Franklin ... 

Perry . . . 

St. Clair. ... .... 

Saline . 

Indiana: 

Knox. 

Pike . 

Warrick . 

Crawford. 

Kentucky: 

BeU. 












Table 4-1. Range of Analyses of Bituminous Coals Produced in the United States. (Continued) 
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Table 4-1. Range of Analyses of Bituminous Coals Produced in the United States. (Continued) 
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panying numbers. However, even this is not stable since, because of different charac¬ 
teristics of fracture, two coals of the same size range might have entirely different 
size consists; t.e., of two 5- by 2-in. egg coals, one might contain a large percentage of 
6-in. material and the other practically none. Table 4-2 shows the size consists of 
three common industrial and pulverizer sizes of a typical popular coal (Fairmont- 
Pittsburgh seam). Basic run-of-mine is also shown in Table 4-3. 


Table 4-2. Typical Size Consist of Bituminous CoaP 


Screen sizes 

Coal sizes 

2-in. nut and slack 

K-in. 

X 0 slack 

^s-in. 

X 0 slack 

Per cent 

Cumulative 

Per cent 

Cumulative 

Per cent 

Cumulative 

Round hole, in. diam: 





1 


2 

0 

0 






18 3 

18 3 





IK 

8.7 

27 0 





1 

8 8 

35 8 





K 

9 7 

45 5 

0 

0 



K 

9 9 

55.4 

18 1 

18 1 



H 

6 3 

61.7 

11 8 

29 9 

0 

0 

U.S. Standard sieves: 







No. 4 (0.187 in.) 

7 8 

69 5 

15 1 

45 0 

22 0 

22 0 

No. 8 (0.0937 in.) 

10 5 

80 0 

18 2 

63 2 

26 0 

48 0 

No. 16 (0.0469 in.) 

8 0 

88 0 

14 8 

78 0 

20 5 

68 5 

No. 30 (0.0232 in.) 

5 0 

93 0 

9 5 

87 5 

13 8 

82 3 

No. 50 (0.0117 in.) 

3 0 

96 0 

5 1 

92 6 

7 3 

89 6 

No. 100 (0.0059 in.) 

1 7 

97 7 

3 1 

95 7 

4 4 

94 0 

No. 200 (0.0029 in.) 

0 8 

98 5 

1 5 

97 2 

2 1 

96 1 

Passing No. 200 

1 5 

100 0 

2 8 

100.0 

3 9 

100.0 


* Coal Bureau, Upper Monongahela Valley Association, Reference Bull. 2. 


Table 4-3. Basic Run-of-mine Size Consist of Typical Bituminous Coal 

(Fairmont-Pittsburgh seam) 


Size range, in. 

Per cent 

Cumulative 
per cent 

Size range, in. 

Per cent 

Cumulative 
per cent 

Above 5 

18 4 

18 4 

IK X K 

10 4 

69 4 

5X2 

25 4 

43 8 

K X H 

9 1 

78 5 

2 X IK 

15 2 

59.0 

Hxo 

21 5 

100 0 


Use of Proper Size Important to Plant Performance. Many performance difficul¬ 
ties are blamed on coal quality, which are in reality the result of an improper combina¬ 
tion of coal sizing and equipment design or proportioning. Complaints such as 
excessive dust or fines, heavy coking or caking, poor air distribution, segregation, 
low grindability, high mois^re, slagging, excessive fly ash, and clinkering can all be 
minimized or eliminated by the selection of the proper size of coal to be used or by the 
modernization of the equipment so that the natural and economical sizes can be 
satisfactorily handled and burned. 

For example, it is seen in Table 4-2 that 20 per cent of 2-in. nut slack will pass 
through a Np. 8 sieve (approximately a Ko“in- round hole). This fine coal is high in 
heat value and will give economical and satisfactory results in a plant designed for the 
inclusion of this size. Nevertheless, the plant with a design weakness calls this fine 
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Table 4-4. General Uses of Several 
Bituminous-coal Sizes 


Nominal Size, In. 
5 lump 

5X2 egg 

2 X IH nut 

IH X stoker 

IH X stoker 

^4 X H stoker 

X 0 slack 

^8 X 0 slack 

H X 0 slack 

X 0 slack 

1 ^4 X 0 niit slack 
2X0 nut slack 


Most Common Use 

Hand-firing, domestic and 
industrial 

Domestic hand-firing and 
gas producers 

Domestic hand-firing, indus¬ 
trial stokers, and gas pro¬ 
ducers 

Domestic and small indus¬ 
trial stokers 

Domestic and small indus¬ 
trial stokers 

Domestic and small indus¬ 
trial stokers 

Industrial stokers and pul¬ 
verizers 

Particularly suited to pul¬ 
verizers 

Particularly suited to pul¬ 
verizers 

Particularly suited to pul¬ 
verizers 

Industrial stokers 

Industrial stokers 


coal or and insists on the 

application of dustless treatments or 
selects the more costly double-screened 
coals' from which the fines haVe be^n 
removed. The result is a limited coal 
selection, increase in cost, and decrease 
in availability. 

As all manufacturers can furnish appara¬ 
tus to utilize the best size values and the 
most economical and readily available 
coals, the desirable alternative would be 
to design the plant for the available coal 
rather than attempt to design the coal for 
the plant. Such measures as liberal 
designs for furnace volumes, grate area, 
grinding capacity, heat liberation, and 
coal flow will assure the widest latitude in 
selecting coals and sizes which will 
produce the lowest steam costs. 


Commercial Sizing of British Coals^ 


British coal sizing is far from standardized. While their coal is known by such 
names as pearls, peas, beans, singles, and nuts, the names are used inconsistently, 
with the nuts of one colliery becoming the beans of another, etc. Furthermore, there 
is no sharp line of demarcation between the sizes. Table 4-5 thus refers to typical 
analyses rather than to accepted standards: 


Table 4-6. Typical Sizing of British Coals^ 



in., 
per cent 

Vi-Va in., 
per cent 

in., 
per cent 

lH-1 in., 
per cent 

Pearls 

40 

55 

5 

0 

Peas 

8 

78 

14 



10 

65 

25 

0 

Beans 

8 

53 

39 



6 

41 

53 

0 

Singles 

6 

30 

60 

4 


4 

18 

72 

6 


1 British Fuel Efficiency Committee, “ The Efficient Use of Fuel,” Chemical Publishing Company, 
Inc,, Brooklyn, 1945. 


Slacks usually contain all material below a specified screen, t.e., single-screened. 
Slacks are also variously known as dross, smalls, duff, gum, etc., all according to the 
district of mining rather than the size. The upper size of British slack is frequently 
as large as 2 in. and as small as % in. 


Geographic Variations in Coal Quality^ 

Ash Content. The percentage of ash is an extremely variable character and has no 
consistent relation to the rank of coal. It tends to vary not only from region to region 

1 British Fuel Efficiency Committee, “The Efficient Use of Fuel,” Chemical Publishing Company, 
Inc., Brooklyn, 1945. 

* Young, William Harvey, “Sources of Coal and Types of Stokers and Burners Used by Electric 
Public Utility Power Plants,” Pamphlet Series, Vol. II, No. 2, Brookings Institution, Washington, 
D.C., 1930. 
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and from seam to seam but also from mine to mine and even in different parts of the 
same mine. Furthermore, it must be remembered that the ash content of delivered 
coal depends quite as much on care in preparation as on the character of the coal in the 
bed. In all the major districts of the country, increasing attention is being paid to 
the removal of impurities, and much of the tonnage is now subjected to cleaning 
processes. It is thus dangerous to generalize, as many local exceptions can always be 
taken. 

Nevertheless, a close study of over 1,700 mine samples analyzed in the fuel-testing 
laboratories of the U.S. Bureau of Mines has shown some rather broad differences in 
ash content as between the different regions. In general, the coals of the Appa¬ 
lachians are somewhat lower in ash than those of the Interior fields. Of the Appa¬ 
lachian coals, those of the middle region are distinctly lower than those of the northern; 
in fact, the coals of the middle Appalachians average lower in ash content than any 
other of the great producing regions of the country. Of the Interior fields the coals of 
Illinois, Indiana, and western Kentucky average distinctly lower in ash than those of 
Iowa, Missouri, and Kansas, though a trifle higher than those of Oklahoma and 
Arkansas. Similar wide variations appear in other parts of the country. In Alabama 
and in the Rocky Mountain fields both high- and low-ash coals are found. The coals 
of the Pacific Coast are generally somewhat high in ash, the average of the car samples 
reported from the state of Washington being 14.5 per cent. 

At the risk of injustice to individual coals, and thus with the further caution that 
an analysis is the only reliable guide. Table 4-6 shows the average ash content of 

Table 4-6. Average Percentage of Ash in Car Samples Arranged According to 

Origin 

ProducinK region 


Northern Appalachian (Pennsylvania, Ohio, Maryland, northern West 

Virginia)® ., 

Middle Appalachian (southern West Virginia, Virginia, eastern Kentucky) 

Eastern Interior (Illinois, Indiana, western Kentucky)*'. 

Western Interior llowa, Missouri, Kansas). 

Oklahoma, Arkansas ... 

® In calculating the average for the region as a whole, the hiinple arithmetical average for eacli state 
was weighted by the total tonnage produced in 1929. 

Includes in addition to the published analyses for Indiana and western Kentucky, samples of coal 
delivered from approximately 137 mines in Illinois. 

several hundred samples from Eastern and Interior fields, arranged according to 
region. The figures represent the unweighted average of all analyses that had been 
published by the Bureau of Mines for the areas in question as of the date of publica¬ 
tion, 1929. It should be noted that many more samples had been taken in some 
districts than others, and this may have affected the average. 

Mechanical Cleaning. The ash content of delivered coal depends quite as much 
upon the care in preparation as upon the character of the coal in the bed. Increasing 
attention is being paid to the removal of impurities by either hand picking or mechani¬ 
cal cleaning by wet washing or pneumatic methods. Despite this interest, the 1946 
U.S. Bureau of Mines Minerals Yearbook” reports only 140 million tons out of a 
total of 632 million tons as cleaned mechanically in that year (less than 27 per cent). 
It must therefore be assumed that the quality of the coal underground in the various 
sections is in many cases indicative of the quality of delivered coal. 


Number 

of 

samples 

Average per 
cent ash 
(dry basis) 

528 

10 2 

845 

7 2 

198 

11 9 

64 

15 2 

107 

11 7 
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Fusing Temperature of the Ash. The national averages of ash-fusing temperature 
in the analyses made by the U.S. Bureau of Mines indicate much less variation within 
specific regions than the analyses of ash content (see Fig. 4-1). The Appalachian 
coals, on the whole, have high-fusion ash; with a few exceptions the ash of these coals 
fuses at 2200 to 2900®F and over. The fusing temperature of the ash from most 
Middle Western coal ranges from less than 2000 to 2199°F. There is a wide variation 
in the Rocky Mountain coals, some counties averaging as low as 2000°F while others 
are in the 2800 to 2899°F class. In all the counties of Washington, the average 
reported is more than 2200°F. 

Caking and Free-burning Coals. The caking property does not lend itself to exact 
measurement, and coals range by imperceptible graduations from completely free- 
burning types that show no tendency to fuse in the furnace to mildly caking types 



•KEY 

□ No data 

□ Less than 2000® 

(in 2000® to 2199* ^ 2600® to 2699® 

□ 2200® to 2399® ^ 2700® to 2799® 

□ 2400®tP 2499® 0110 2800® to 2899® 

□ 2500®to 2599® ■ 2900® and over 


Fiq. 4-1. Broad variations in fusing temperature of ash of coals of the United States. 
{William H. Young, ** Sources of Coal and Types of Stokers and Burners Used by Electric 
Public Utility Power Plants” The Brookings Institution.) 

that form a weak and friable crust and strongly caking types that fuse into solid 
masses of coke. The term '^coking coaU^ is usually reserved for those coals capable 
of making a firm hard coke suitable for metallurgical use and is therefore of narrower 
application than ‘^caking coal,” which is used in general apposition to “free-burning.” 

Some idea of the geographical occurrence of the caking property is given by the 
map in Fig. 4-2. In it are shown the counties in which coal is now, or has been, 
mined for coke manufacture. The map shows strikingly that the caking tendency is 
most strongly developed in the great Appalachian region and that parts of Oklahoma, 
Washington, and the southern Rocky Mountains also produce strongly caking coals. 
In general, the coals of the Middle West and northern Rocky Mountains are free- 
burning. There are, however, numerous local exceptions. Even in the Middle West, 
there are coals that have been successfully made into coke, although none of them 
could be described as strongly caking. 

In examining the map (Fig. 4-2), it must be remembered that a coal possessing the 
caking property to a moderate degree may never in fact be used in coke ovens, either 
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because it is too high in sulphur or other impurities or because other nearby coals are 
better adapted to the purpose. Thus, in many of the counties along the western 
border of the Appalachians, which appear white on the map, the coal mined is moder¬ 
ately caking and, were it not so near the highest grade caking coals of the country, 
might be sought for coke manufacture. 

Heating Value of Bituminous Coal. There are wide variations in the heating value 
of the different coals of the United States. In general, the coals of the Appalachians 



I Counties producing lO^CXX) tons or more of 
beehive coke from local coals in any year 
from 1907 to 1928 


First grade 


I Second grade I 


Additional counties containing 
mines listed by fuel administra¬ 
tion as producing coal suitable 
for by-product coke 


t". .'1 Other counties in which very small amounts of 
beehive coke have been made,ofen experimen¬ 
tally, and counties producing beehive coke before 
1907 but not since 

I i Counties having no record of coal coked 


Fig. 4-2. Counties now producing coking coal, or which have produced in the past. 
{W'dliam H. Young, ^'Sources of Coal and Types of Stokers and Burners Used by Electric 
Public Utility Power Plants,'' The Brookings Institution.) 


and of Arkansas and Oklahoma are higher in Btu than the coals of Middle West and 
Rocky Mountain region. 

Though there is no direct relation between the heating vahie of coal and the type of 
stoker used, the heating power has a decided influence on the distance which the coal 
can be shipped and on its ability to penetrate certain markets. The high-Btu coals 
of the Appalachian region move much greater distances than low-Btu coals of other 
sections. Pocohontas-New River coals are shipped to 20 states for power generation; 
the lignite from Texas does not leave the state. 


Quality of Middle Western Bituminous Coals^ 

Much of the Middle Western bituminous coal seems to have been profoundly 
affected in the southern reaches by the diastrophism of the Ozark region, z.c., by the 
upheaval and folding of the mountains by forces which compressed the coal in the 


iQlin, H. L., Iowa Coals in the National Emergency, Mech. Eng., May, 1943, pp. 343-346. 
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seams near the center of disturbance to semianthracite, but which only to a lesser 
degree hardened and chemically altered others along a wide radius. This is clearly- 
shown by the results of Campbell ^s work plotted as I]ig. 4^3 obtained from studies of 
mine moisture contents of coals sampled over a large area. Thus it appears that' mine 
moisture, and with it certain chemical and physical properties alfecting the storability 
and other characteristics of coal, varies as some function of the distance from this 
active center. 

Moisture contents of the fuels from the so-called ^‘quality circleof southern 
Illinois, Indiana, and Kentucky range between 5 and 10 per cent; those of north and 
central Illinois and of Iowa, having missed the natural processing and refining of the 
more southerly* coals, carry moisture values of 12 to 20 per cent. Further, because the 



Fig. 4-3. CampbeH’s lines of equal moisture values for Middle Western coals. (H, L. 
Olin, Mechanical Engineering, May, 1943.) 

seams are thinner and smaller, costs of mining and preparation are higher and, because 
they were laid down in areas less favorable to natural coal-formation processes, they 
suffer somewhat in quality comparison with others in this general region. 

Plastic Properties of Bituminous Coals^ 

Plasticity and the closely related property of some coals, expansion upon heating, 
are of interest to coke-oven operators. Certain coals expand to an extent that makes 
them dangerous to charge into coke ovens alone. In some instances, such coals may 
be mixed with contracting coals to form a safe resultant. 

Because there is considerable divergence of opinion concerning the measurement of 
plasticity of homogeneous materials, the measurement of the plasticity of coal, a most 
heterogeneous material, is a most difficult one. Three methods of test have been 
suggested but as yet none is considered standard: (1) resistance to gas flow test, 
wherein the flow of gas through coal as it is raised in temperature gives an indication 
of plasticity; (2) swelling test (Agde-Damm), in which the linear expansion of small 
briquettes as heated to 500°C is measured to give the “swelling coefficient’^ and “free 
expansion swelling coefficient”; and (3) the plastometer test, as developed by J. D. 

1 Mallbib, O. O., in “Symposium on Significance of Tests of Coal,” Trana. ASTM, vol. 37, 193V. 
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Davis, U.S. Bureau of Mines, in which a continuous measurement of the viscosity of 
coal is made while it is being heated through the plastic state. The resistance to gas 
flow test is also known as the ‘‘Layng and Hathorne test.^^ 


Table 4-7. Agglutinating Values for Straight Bituminous Coals^ 

(Arranpfed according to volatile matter) 


Coal 

No. 

State 

County 

Bed 1 

H 2 O, 

per 

cent 

Dry basis, 
per cent 

Btu 

dry ash¬ 
free, per 
cent ■* 

Agglutinating 

value 

V.M.« 

Ash 

Crush¬ 

ing 

strength, 

kg 

Coal- 

sand 

ratio 

23 

W.Va. 

McDowell 

Pocahontas 4 

0 8 

15 5 

4 8 

15,750 

16 3 

1:10 

26 

W.Va. 

Raleigh 

Sewell 

1 3 

21 1 

2 1 

15,720 

9 7 

1:15 









5 6 

1.20 









3 3 

1.25 

4 

Md. 

Garrett 

Davis 

1.4 

22 4 

9.9 

15,560 

12 2 

1.10 

27 

W.Va. 

Fayette 

Sewell 

1 9 

27 0 

2 4 

15,640 

7 6 

1:15 









4 8 

1:20 









2 9 

1:25 

11 

Canada 

British Columbia 

B 

1 4 

27 4 

6 3 

15,410 

14 6 

1:10 

7 

Ala. 

Jefferson 

Mary Lee 

1 2 

28 2 

16 1 

15,200 

11 3 

1:10 

8 

Ala. 

Jefferson 

Mary Lee W 

4 2 

28 8 

8 7 

15,490 

13 0 

1:10 

17 

Ala. 

Jefferson 

Pratt 

1 5 

30 6 

9 3 

15,380 

12 7 

1:10 

31 

Va. 

Buchanan 

Clint wood 

1.9 

32 1 

5.7 

15,520 

8 3 

M5 









4 4 

1.20 









2 9 

1.25 

18 

Ala. 

Jefferson 

Pratt W 

3 0 

32 5 

3 2 

15,450 

9.9 

1.10 

12 

Pa. 

Fayette 

Pittsburgh 

1 0 

33 9 

8 6 

15,270 

9 7 

1.10 

9 

Pa. 

Fayette 

Pittsburgh 

1 9 

34 3 

7 6 

15,350 

10 9 

1-10 

IW 

Pa, 

Allegheny 

Pittsburgh W 

2 4 

35 3 

6 0 

15,170 

9 7 

1:10 

1 

Pa. 

Allegheny 

Pittsburgh 

1 6 

34 8 

7 6 

15,190 

6 7 

1 10 

10 

Ill. 

Franklin 

No. 6 

7 9 

34 9 

13 4 

14,460 

4 3 

110 

28 

Pa. 

Allegheny 

Pittsburgh 

1 8 

35 7 

5 6 

15,240 

7 6 

115 









5 3 

1-20 









3 3 

1.25 

3 

Va. 

Wise 

Taggart 

1 7 

36 7 

2 7 

15,450 

5 7 

1:10 

14 

W.Va. 

Logan 

Chilton 

2 2 

37 0 

4 4 

15,190 

8 4 

1:10 

20 

Pa. 

Allegheny 

Thick Freeport 

2 2 

37 1 

6 4 

15,160 

10 2 

1 10 

13 

Ala. 

Walker 

Black Creek 

3 1 

37 2 

2 7 

15,050 

6 7 

110 

2 

Ky. 

Letcher 

Elk horn 

2 2 

37 4 

, 2 2 

15,070 

4 3 

1 10 

22 

W.Va. 

Marion 

Pittsburgh 

1 9 

38 0 

6 1 

15,210 

13 3 

1.10 

16 

W.Va. 

Boone 

Alma 

2 1 

38 6 

7 3 

15,210 

9 3 

110 

16 

W.Va. 

Kanawha 

No. 2 Gas 

1 9 

39 6 

2 8 

15,150 

7 1 

1 10 

21 

Ky. 

Muhlenberg 

Green River 

10 1 

40 3 

7 5 

14,400 

8 6 

MO 

19 

Utah 

Carbon 

Lower Sunnyside 

4 6 

40 7 

6 3 

14,570 

3 9 

1:10 

32 

Pa. 

Washington 

Pittsburgh 

2.0 

42.1 

8 2 

14,810 

7 8 

1:15 









5 1 

1:20 









3 2 

1:25 









2 3 

1:30 


1 U.S. Bureau of Mines Monograph 6, and Papers 570, 671. 
® Volatile matter. 


Although plasticity and expansion, reduced to dependable measures, offer promise 
for predicting coking and stoker results, information is meager, with the experience of 
the coke operators being the best guide to coals currently available. 

Gas- and Coke-making Properties of Bituminous Coals^ 

In the testing of coal for the manufacture of coke, nearly all the yield data and 
characteristics of the various products can be fairly satisfactorily determined by 

^ Mallsib, O. O., loc . ciL 
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Table 4-8. Agglutinating Values for Mixed Bituminous Coals> 




H 2 O, 

per 

cent 

1 Dry basis, 
per cent 

Btu 

Agglutinating 

value 

Coal 

No. 

Kind of coal 

V.M.« 

Ash 

dry ash¬ 
free, 
per cent 

Crush¬ 

ing 

strength, 

kg 

Coal- 

sand 

ratio 

ISA 

80% No. 17 (Pratt), 20% No. 7 (Mary Lee) 

3 4 

29 2 

6 4 

15,520 

10 1 

1:10 

17 

100% Pratt 

1 5 

30 6 

9.3 

15,380 

12.7 

1:10 

7 

100 % Mary Lee 

1 2 

28.2 

16 1 

15,200 

11.3 

1:10 

5 

40% No. 1 (West Pittsburgh), 60% No. 4 
(Davis) 

1 5 

28.1 

7 6 

15,460 

11.6 

1:10 

6 

80% No. 1 (West Pittsburgh), 20% No. 4 
(Davis) 

1 3 

33 7 

5 5 

15,240 

10 6 

1:10 

IW 

100% Pittsburgh West 

2 4 

35 3 

6 0 

15,170 

9 7 

1:10 

4 

100% Davis 

1.4 

22.4 

9.9 

15,560 

12.2 

1:10 

30 

80% No. 28 (Pittsburgh), 20% No. 27 
(Sewell) 

1 9 

34 3 

4 8 

15,340 

7 8 

1:15 

28 

100% Pittsburgh 

1 8 

35.7 

5 6 

15,240 

7 6 

1:15 

27 

100% Sewell 

1 9 

27.0 

2 4 

15,640 

7 6 

1:15 

29 

80 7o No. 22 (Pittsburgh), 20% No. 26 
(Sewell) 

1 8 

32 6 

4 9 

15,330 

8 2 

1:15 

22 

100% Pittsburgh 

1 9 

38 0 

6 1 

15,210 

13 3 

1:10 

26 

100% Sewell 

1.3 

21 1 

2 1 

15,720 

9.7 

1:15 

24 

80% No. 22 (Pittsburgh), 20% No. 23 
(Pocahontas) 

1 3 

32 9 

6 0 

15,270 

10 2 

1:10 

22 

100% Pittsburgh 

1 9 

38 0 

6 1 

15,210 

13 3 

1:10 

23 

100 % Pocahontas No. 4 

0 8 

15 5 

4 8 

15,750 

16 3 

1:10 


1 U.S. Bur, Mines Monograph 5. 
« Volatile matter. 


laboratory or small-scale tests, except the physical characteristics of the coke which 
may be produced in a coke oven. 

High-temperature coking tests include: 

1. Laboratory Distillation Tests. The procedure most generally used is the “tube 
test” as published by the ('hemists Committee of the U.S. Steel Corp.^ In this test, 
20 g of 35-mesh dry coal are heated progressively to 900°C or higher under prescribed 
conditions. The tube test gives the yields of coke, gas, tar, ammonia both free and 
fixed, light oil, and the calorific value of the gas may be obtained from the sample. 

2. Carbonization Test. In the Bureau of Mines-American Gas Association tests, 
unquestionably the best large-scale carbonizing procedure, from 85 to 175 lb of coal 
may be carbonized in retorts ranging from 13 to 18 in. in diameter and at temperatures 
of from 500 to 1100°C. Sufficient yields of all products are obtained for any desired 
analytical examination, a most desirable feature. 

In comparison with plant practice, yields at the proper carbonizing temperatures 
were surprisingly close, except that ammonia yields arc low because of decomposition 
in the iron retort. 

3. Box-coking Tests. Box-coking tests are made in regular ovens and are usually for 
the purpose of obtaining information about the physical character of the coke. For 
this purpose they rate next to full-scale oven tests for reliability of results. 

Summarizing the three methods of testing: (1) the tube test is usually sufficient for 
yield data and calorific value of the gas produced, (2) the BM-AGA carbonization 
test permits an examination of the various products of carbonization, and (3) the box- 

1 “Sampling and Analysis of Coal, Coke, and By-products,** 3d ed., p. 130, U.S. Steel Corp., 1929. 
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coke tests are best for a determination of the physical quality of the coke. Naturally, 
final confirmation in full-oven tests is the ultimate guide. 

Low-temperature Coking Test. In the Fischer low-temperature assay, the usual 
laboratory test for the evaluation of coals for low-temperature coking, 50 g of coal arc 
distilled at 500°C. In commenting on this test, the U.S. Bureau of Mines {Monograph 
6) says in part: 

The tar yield obtained in low-temperature plants usually is about 70 per cent of the 
Fischer assay yields because of decomposition of part of the primary air in the retort. 
The assay is useful for indicating the theoretical yields of liquid by-products on low-tem¬ 
perature distillation. As to tar yield, it indicates the characteristics of the coal rather 
than results to be expected from the retort or coke oven. 

Caking Properties of Bituminous Coals^ 

The term “coking” or “caking” property is very general and hard to define prop¬ 
erly. As usually interpreted, strongly coking or caking means: (1) on industrial 
stokers, a coking or matting over of the fuel bed which cannot be readily broken up 
by the normal operation of the stoker; (2) on residential stokers, the formation of coke 
trees which materially disturb the fuel bed; and (3) in a coke plant, the production 
of a coke of a desired size which will stand the necessary mechanical handling without 
the production of excessive coke breeze. 

Most coals, when heated at a uniformly increasing temperature in the absence of air, 
fuse and become plastic. Fieldner and Sclvig have designated such coals as caking 
coals, and they point out that coals possess this property in varying degrees. 

Two methods are being used for testing or determining the caking properties of 
coals: 

Coke Button from the Volatile-matter Test. The examination of the coke button 
resultant from the standard volatile-matter test has long been used as a first step in an 
estimation of the caking properties of coals. Although this is the simplest of all 
coking tests, an interpretation of results has to be based mainly upon a visual examina¬ 
tion of the coke button. Furthermore, as various authorities have pointed out, close 
standardization of testing conditions is necessary in order to secure comparable 
results. Nevertheless, though the results are by no means infallible, they do serve as 
an important aid to distinguishing among noncaking, poorly caking, or strongly caking 
coals. In general, the following will serve as a guide to a very rough interpretation of 
coke-button formations: 

Low-volatile coals, when heated in the standard volatile-matter test, usually expand to 
many times the volume of the original coal used for the test, and often the resulting coke 
button will completely fill the test crucible. The fairly strong coking Ingh-volatile coals 
generally fuse quite comiiletely and form more or less spherical coke buttons, often several 
times the size of the original volume of the tost coal, with some coke buttons from the most 
strongly coking high-volatile coals as large as one-half the volume of the test crucible. 
Weakly caking coals do not expand to any extent, and their resulting coke button will 
occupy about the same volume as the coal used for the test. The coke buttons from the 
very strong coking coals are very porous and usually contain a fairly large cavity in the 
central portion. The coke buttons from the more poorly coking coals usually are denser, 
since these coals do not swell to any extent upon the application of heat in the volatile- 
matter test. Usually the central portions of the coke button from a poorly caking coal 
have “dropped,” and there are one or more decided fracture cracks across and through 
the coke button. In noncaking coals there is practically no fusing together of the coal 
particles, and the residue from heating is still in either the granular state or will fall apart 
on the application of slight pressure. 

Agglutinating-value Test. Agglutinating values for coals may be obtained by 
crushing buttons made by carbonizing mixtures of 45- to 60-mesh Ottawa sand and 

1 Mallbis, O. O., lot, cit., pp. 402-416. 
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0- to 200-mesh coal in a standard furnace under prescribed conditions. The tests 
are made to sand-coal ratios of 15:1, 20:1, 25:1, and 30:1. 

An examination of the agglutinating values of a large number of coals as reported 
by the U.S. Bureau of Mines failed to reveal any definite trends of relationships, as a 
result of mixing coals of different indexes. Individual coals of approximately the same 
index also varied widely in the stability of the coke produced. These deviations are 
of a sufficient magnitude to invalidate the numerical agglutinating index at a single 
ratio as being a reliable indicator of the strength or stability of the coke that can be 
produced. It has thus been concluded that the agglutinating-value test seems to 
have little value as a reliable index of the probable caking or coking properties of a coal. 

On the other hand, the agglutinating-value test has been found to have value for 
special investigations such as detecting the deterioration of coking properties of coal 
due to storage. In one series of tests, the agglutinating values were much more 
significantly affected by oxidation in storage than were the proximate or ultimate 
analyses, or the calorific values. 

SUBBITUMINOUS COAL AND LIGNITE 

Classification of Subbituminous Coal and Lignite (see Table 2-1 for full classifica¬ 
tion of coals by rank). The ASTM classification of coals, accepted as standard by 
the industry, divides subbituminous 
coals into three classes or groups and 
lignite into two as follows: 

III. Subbituminous Coal (both weathering 
and nonagglomerating): 

1. Subbituminous A: Moist Btu 11,000 
or more and loss than 13,000^ 

2. Subbituminous B: Moist Btu 9,500 
or more and less than 11,000^ 

3. Subbituminous C: Moist Btu 8,300 
or more and less than 9,500^ 

IV. Lignitic: 

1. Lignite. Moist Btu less than 8,300. 

Consolidated 

2. Brown coal. Moist Btu less than 
8,300. Unconsolidated 

The low-rank coals, subbituminous 
and lignite, containing 10 to 50 per cent 
natural bed moisture, represent over 
half of the all-rank coal-tonnage reserve 
of the United States, but only about 2 
per cent of the United States coal produc¬ 
tion is derived from these fuels. Increased 
utilization of these large reserves 
awaits the perfection of a high-speed 
low-cost process for removing the bed moisture at the mine.* 

Subbituminous. In the subbituminous ranks, approximately 7,500,000 tons are 
mined annually in Colorado, Wyoming, and Montana, of which approximately 50 
per cent reaches domestic consumers. In areas where subbituminous coal is so used, 

1 Moist Btu refers to coal containing its natural moisture but not including visible water on the 
surface of the coal. 

* Parry, V. P., J. B Goodman, and E. O. Wagnbr, Drying Low-rank Coals in the Entrained and 
Fluidized State, Mining Trans. AIME, April, 1949, p. 89. 



Fig. 4-4. Location of the more extensive 
lignite deposits in the United States. 
Solid area equals areas of proved com¬ 
mercial value. Shaded area shows regions 
of more doubtful commercial value. {U.S, 
Bureau of Mines^ Bull. 255.) 
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it is considered to be a good domestic fuel; it is smokeless in most furnaces and has 
thus been used for many years in hand-fired domestic furnaces employing the large- 
lump method of firing.^ 

Lignite. Lignite is currently mined in the states of North Dakota, Texas, South 
Dakota, and Montana to the total extent of some 2,668,000 net tons (see Table 4-9). 
Of this amount over 2,500,000 tons, or 94.5 per cent, is mined in North Dakota. 

Lignite does not differ much from 
subbituminous coal except for additional 
moisture (up to 50 per cent and even 
more), and the problems of utilization are 
about the same. Therefore, much of the 
data developed for subbituminous coals 
are equally useful for interpretation of 
lignite utilization. 

An interesting factor in connection 
with the production of lignite is the ease 
with which it can be mined as compared 
with most other coals. In 1945, 74 per 
cent was recovered in strip mines, with an 
average daily production per miner of 14.26 net tons.^ The average mine value in 
1945 was $1.55 per net ton. 

Because of the difficulties of storing and shipping, most lignite is used in areas close 
to the mines. In 1945, the West North C^entral states consumed 668,636 tons of 
lignite in generating electric energy (Federal Power (commission). 

General Characteristics. The moisture content of both subbituminous coal and 
lignite is high, averaging about 25 per cent as mined for subbituminous and consider¬ 
ably more for lignite. The coals are noncoking and slack to a variable degree when 
exposed to normal atmospheric conditions. The ash content ranges from 4 to 6 per 
cent, with a fusion temperature of about 2000°F. 3 

Friability and slacking both vary widely for subbituminous and lignite. In one 
series of tests,^ friability ranged from 16.1 to 37.7 per cent (ASTM method); slacking 
or weathering indexes ranged from 29.2 to 73.0 (Pittsburgh index) and from 26.2 to 
66.1 (trommel screen, 40 revolutions of trommel for 1 min).^ 

When such coals are exposed to the weather, they lose moisture rapidly. If evap¬ 
oration from the surface of a lump proceeds at a faster rate than that at which it is 
replaced by moisture from the interior, the rate of shrinkage at the surface is greater 
than that at the interior; consequently, stresses are generated at the surface that 
cause the coal to disintegrate. Likewise, when moisture is absorbed by the air-dried 
surface, the outer layers expand at a faster rate than the interior, which results in 
further breakdown. As these cycles are repeated, the lump may disintegrate com¬ 
pletely. Therefore, successful storage of low-rank coals depends on control of the 
factors that influence change in the moisture.^ 

Spontaneous Combustion. Subbituminous coal or lignite, when stored in random 
piles or in ordinary bins in which the temperature fluctuates and air circulates quickly, 
undergoes physical and chemical changes which decrease the utilization value of the 

1 Performance of Subbituminous Coals in a Typical Underfeed Domestic Stoker, U.S. Bur, Mines 
Revis. Invest. 3557, April, 1941. 

9 Parry, Gbrnbs, Waqker, Goodman, and Koth, Gasification of Lignite and Subbituminous Coal, 
U.S, Bur. Mines Repts. Invest. 4128, September, 1947. 

* Parry, Landers, and Goodman, Automatic Water Heating Utilizing Subbituminous Coal, U.S. 
Bur, Mines Repts. Invest. 3890, June, 1946. 

* Parry, V. F., and J. B. Goodman, Subbituminous Coals of the Denver Region, U.S. Bur. Mines 
Repts. Invest. 3457, August, 1939. 

< Parry, V. F., and J. B. Goodman, Storage of Subbituminous Coal in Bins, U.S. Bur. Mines Repts. 
Invest, 3587, October, 1941. 


Table 4-9. Production of Lignite in 
19461 

Net Tons 

Montana** 41,579 

North Dakota.. . 2,522,319 

South Dakota ... 24,445 

Texas ... 79,949 

Total 2,668,310 

1 “Minerals Yearbook,” U.S. Bureau of Mines, 
1946. Exclusive of small mines producing less 
than 1,000 tons. (Such mines produced 22,644 
tons in 1944.) 

“ Includes output from Custer, Dawson, 
McCone, Richland, Roosevelt, and Sheridan 
Counties. 
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fuel and cause it to ignite spontaneously. The heating value is decreased, and slack¬ 
ing takes place. ‘ 

Storage of Subbituminous. In general, therefore, the same rules and cautions 
apply as for the storage of bituminous coal but to an even greater degree (see Chap. 
18). In addition, the Bureau of Mines cautions that subbituminous and lignite 
should never be stored in piles higher than 10 ft {Inform. Circ. 7214). 

Two additional methods are suggested for storing low-rank coals: (1) in earthen pits 
in which only the top surface is exposed to the weather and (2) completely imder 
water. In any event, the coal pile must be as airtight as possible. 


Table 4-10. Analyses of Subbituminous Coals from Denver Region, Colorado^ 


Mine 

Sam¬ 

ple 

No. 

County 

Bed 

Con- 

di- 

tion^ 

Analysis, per cent 

Btu 
per lb 
coal 

Soft¬ 
ening 
temp 
of ash, 
degF 

Sub¬ 

bitu¬ 

minous 

rank 

Proximate 


Ultimate 


Mois¬ 

ture 

V.M.» 

! Fixed 
C 

Ash 

H2 

C 

Na 

O 2 

S 

Puritan 

1 

Weld 

Unnamed 

a 

24 1 

29 1 

42 7 

4 1 

6 3 

55 0 

1 2 

33 1 

0 3 

9,460 







h 


38 3 

56 2 

5 5 

4 8 

72 4 

1 6 

15 3 

0 4 

12,470 

2050 

B 

Van Winkle 

2 

Jefferson 

Unnamed 

a 

24 4 

1 32 7 

38 7 

4 2 

6 3 

52 1 

0 8 

36 2 

0 4 

8,920 







b 


i 43 2 

51 2 

5 6 

4 8 

68 9 


19 1 

0 5 

11,800 

2420 

C 

Baum 

3 

Weld 

Unnamed 

a 

25 5 

28 8 

42 2 

3 5 

6 5 

54 3 

1 2 

34 2 

0 3 

9,320 







b 


1 38 7 

56 7 

4 6 

4 9 

72 9 

1 6 

15 6 

0 4 

12,520 

2340 

B 

Gorham 

4 

Boulder 

Gorham 

a 

19 6 

30 5 

45 9 

4 0 

6 0 

58 8 

1 3 

29 6 

0 3 

10,130 







b 


37 9 

57 1 

5 0 

4 8 

73 1 

1 6 

15 2 

0 3 

12,600 

2100 

B 

Cap Rock 

5 

Jefferson 

Laramie 

a 

25 3 

29 6 

40 3 

4 8 

6 3 

52 8 

0 8 

34 1 

1 2 

9,060 







h 


39 7 

53 9 

6 4 

4 7 

70 7 

1 0 

15 6 

1 6 

12,140 

2340 

B 

Leyden 

6 

Jefferson 

Leyden 

a 

21 3 

32 4 

43 0 

3 3 

6 2 

56 6 

0 9 

32 6 

0 4 

9,710 







b 


41 1 

54 8 

4 1 

4 9 

71 9 

1 1 

17 5 

0 5 

12,340 

2390 

B 

Clayton 

7 

Weld 

Unnamed 

a 

22 8 

30 0 

42 2 

5 0 

6 2 

55 3 

1 2 

32 0 

0 3 

9,550 







h 


38 9 

54 6 

6 5 

4 8 

71 5 

1 6 

15 2 

0 4 

12,360 

2030 

B 

Pike View 

8 

El Paso 

Fox Hills 

a 

24 9 

31 8 

39 2 

4 1 

6 4 

51 7 

0 7 

36 9 

0 2 

8,710 







b 


42 4 

52 1 

5 5 

4 8 

68 9 

0 9 

19 6 

0 3 

11,600 

2360 

C 

Centennial 

9 

Boulder 

Unnamed 

a 

20 3 

30 5 

45 4 

3 8 

6.1 

58 3 

1 2 

30 3 

0 3 

9,990 







b 


38 3 

57 0 

4 7 

4 9 

73 2 

1 5 

15 3 

0 4 

12,540 

2120 

B 

Monarch 

10 

Boulder 

Monarch 

a 

20 4 

30 2 

45 2 

4 2 

6 2 

57 9 

1 2 

29 9 

0 6 

9,980 







b 


37 9 

56 8 

5 3 

5 0 

72 8 

1 5 

14 7 

0 7 

12,540 

2210 

B 

Bohlender 

11 

Weld 

Unnamed 

a 

33 4 

25 5 

36 5 

4 6 

6 8 

46 9 

1 0 

40 4 

0 3 

8,070 







b 


38 2 

54 9 

6 9 

4 7 

70 4 

1 4 

16 1 

0 5 

12,100 

2170 

C 

Comet 

12 

Weld 

Comet 

a 

33 3 

25 9 

34 9 

5 9 

6 8 

45 8 

0 9 

39,7 

0 9 

7,860 







b 


38 8 

52 4 

8 8 

4 6 

68 6 

1 4 

15 3 

1 3 

11,780 

2100 

C 

Premier 

13 

Boulder 

Unnamed 

a 

19 9 

33 1 

42 5 

4 5 

6 1 

56 8 

1 1 

31 0 

0 5 

9,720 







b 


41 3 

53 0 

5 7 

4 9 

71 0 

1 3 

16 5 

0 6 

12,150 

2030 

B 

Lewis 

14 

Boulder 

Unnamed 

a 

18 6 

31 4 

46 3 

3 7 

6 1 

60 1 

1 1 

28 4 

0 6 

10,390 







b 


38 6 

56 8 

4 6 

5 0 

73 8 

1 3 

14 5 

0 8 

12,760 

2320 

B 


1 U.S. Bur. Mine^ Repts. Invest. 3467, August, 1939. 
* a: As-received basis, b: Moisture-free basis. 

> Volatile matter. 


Size Consist of Subbituminous. ^ It is estimated that in 1948 about 27 per cent of 
the northern Colorado subbituminous coal mined was crushed; approximately 74 per 
cent 2J^-in. slack, from which stoker sizes will be prepared and industrial fuel fur¬ 
nished. This shows a marked increase in the production of slack since 1935. The 
demand for industrial slack is increasing, and slack smaller than 2}^ by 0 in. is suitable, 
permitting the removal of the more profitable prepared sizes for domestic use. The 
average size consist of samples studied shows that about 85 per cent of the slack can 
be screened into sizes containing no — J.^-in. material and that about 41 per cent can 

1 Pakht, V. F., and J. B. Goodman, Storage of Subbituminous Coal in BiijLS, U.S. Bur. Mines Reptst 
Invest. 3687, October, 1941. 

5 Parby, V. F., and W. S. Landers, U.S. Bur. Mines Repts. Invest. 3665, August, 1942. 
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be prepared as by 1-in. (square-hole) stoker coal, or 29 per cent by l}^-in, 
round-hole (modified pea). 

Density. . The average bulk density of 16 subbituminous coals (Denver region) 
slack was 48,9 lb per cu ft; the average bulk density of clean fractions prepared by 
screening these samples averaged 40 lb per cu ft. Small particle density is 78 lb per 
cu ft. 

Specific Gravity. Average apparent specific gravity of subbituminous coal in the 
northern Colorado field is 1.29 and ranges from 1.22 to 1.35. 

Specific heat is about 0.50.' 

Thermal conductivity is 0.25 Btu/hr/deg F. 

Table 4-11. Typical Ultimate Analysis 
and Other Characteristics of North 
Colorado Subbituminous Coal^ 


Ultimate analysis, per cent: 

Hydrogen . 6 1 

Carbon . . 56 1 

Nitrogen ... . 12 

Oxygen . 30 4 

Sulphur. 0 5 

Ash. . 5 7 

Total ... . 100.0 

Proximate analysis, per cent: 

Moisture .. . 22 0 

Volatile matter 29.7 

Fixed carbon .. 42 6 

Ash ... . 5.7 

Total . ..100.0 

Physical properties: 

Ash-softening temp, deg F . 2110 

Heat value as received, Btu per lb . 9550 

Bulk density, lb per cu ft .. 42 

Friability, per cent .. 25 

Slacking index.. 50 

Apparent specific gravity . . 1 29 

1 Parky, Landers, and Goodman, Automatic 


Water Heating Utilizing Subbituminous Coal, 

U.S. Bur. Mines Repts. Invest. 3890, June, 1946. 

Application to Small Stokers. Studies of the combustion of subbituminous coal 
and lignite in various appliances have revealed the advantages of the high reactivity 
natural to these fuels and illustrated the possibility of burning them in small stokers 
at very satisfactory efficiencies. Because these fuels will remain ignited while 
immersed in ash, a fuel bed will retain its fire or live coals until virtually all the carbon 
has been consumed. For example, it has been demonstrated that subbituminous coal 
will remain kindled in an open fireplace basket grate for 72 hr or even more. This 
property of high reactivity appears to be characteristic of all coals having more than 
15 per cent natural bed moisture. 

Fine fly ash is characteristic of subbituminous coal or lignite, because much of the 
carbon is burned at temperatures below the ash-fusion temperature; and, in most 
hand-fired appliances, no clinker forms. However, when burning these fuels in con¬ 
ventional stokers at high rates, clinker will form, but in most cases the fine ash is still 
blown around the firebox and is deposited in thick layers on all flat surfaces. There¬ 
fore, flat surfaces should be avoided when furnaces are designed for low-rank fuels.' 

Long banking periods, described in the next paragraph, also react to the advantage 
of subbituminous coals stoker-fired. In one instance, a stoker using anthracite had 
to be operated continuously because the banking period was too short to hold the fire; 

1 Pabbt, Landbbb, and Goodman, Automatic Water Heating Utilizing Subbituminous Coal, U.S. 
Bur. Mines Repts. Invest. 3890, June, 1946. 
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on subbituminous coal, the banking period was 200 min, permitting intermittent 
operation. (This was a small 7-in. retort, and the results are therefore indicative of 
relative banking but not conclusive as to performance on larger heating stokers.) 

Burning Characteristics of Low-rank Coals. Although the standard appliances 
for burning coal will handle subbituminous coal with little difficulty, certain design 
features should be changed to take advantage of the special properties of high-moisture 
fuels. For example, deep fuel beds are not necessary when operating on lignite 
because the reducing action in the fuel bed occurs at much lower temperatures than is 
common with the high-rank fuels, and considerable combustible gases may be lost if 
insufficient secondary air is supplied. Furthermore, the high reactivity and relatively 
lower heating value make it necessary to tend the fire at more frequent intervals than 
is practiced when burning higher grade coals. The air supply to furnaces using low- 
rank coal is important because the fuel bed will consume any air that can come into 
contact with carbon, and it is desirable to have good control over air that is admitted 
to the fuel bed.^ 

Low-temperature Carbonization. Parry^ describes experiments with the low- 
temperature carbonization of Colorado subbituminous coals which produced (1) a 
reactive char, amounting to approximately one-half the weight of the original coal 
and having a heating value of about 13,500 Btu per lb; (2) 3 to 9 per cent of tar oils; 
(3) 26 to 31 per cent of condensable water; and (4) 450 to 1,430 Btu in gas per lb of 
coal, depending on the temperature of carbonization. 

Table 4-12. Analyses of Various Lignites and Calculated Yields of Char (Residue) on 

Carbonization^ 


Source of lignite 

Lignite 

Char free of volatile matter 
(moisture-free), per cent 

Proximate analysis, per cent 

Heating 

value, 

Btu 

Fixed 

carbon 

Ash 

Yield 

Mois¬ 

ture 

Volatile 

Fixed 

carbon 

Ash 

Texas 

3.^) 3 

36 3 

20 9 

7 5 

7,903 

73 6 

26 4 

28 4 


32 8 

37 1 

22 9 

7 2 

7,763 

76 1 

23 9 

30.1 


29 9 

51 0 

10 0 

9 1 

7,929 

52 4 

47 6 

19.1 

North Dakota 

40 0 

26 5 

26 7 

6 8 

5,935 

79 7 

20 3 

33.5 


30 3 

30 3 

32 3 

7 1 

7,165 

82 0 

18.0 

39.4 


32 5 

28 0 

33 5 

6 0 i 

7,005 

84 8 

15 2 

39 5 

Colorado. 

35 0 

27 4 

30 2 

7.4 

6,982 

80 3 

19 7 

37.6 

Arkansas 

39 4 

26 5 

24 4 

9 7 

6,350 

71 5 

28 5 

34 1 

Alaska 

38 2 

23 8 i 

22.2 

15 8 

5,263 

58 5 

41 5 

38.0 


23 2 

37.6 

35.0 

4.2 

8,883 

89 3 

10.7 1 

39.2 


1 "Investigations of the Preparation and Use of Lignite,” p, 86, U.S. Bureau of Minee^ 1918-1925. 


Carbonizing a Subbituminous Coal.^ Because of their general properties, it is not 
likely that low-rank coals will be carbonized in a coke oven, but different methods of 
processing must be developed to treat them. These coals lend themselves to con¬ 
tinuous treatment in vertical retorts or in rotary retorts where the coal is heated to 

1 Parry, Landsrb, and Goodman, Automatic Water Heating Utilizing Subbituminous Coal, U.8, 
Bur. Mines Repts. Invest. 3890, June 1946. 

2 Parry, V. F., and J. B. Goodman, Subbituminous Coals of the Denver Region, U.S. Bur. Mines 
Repts. Invest. 3457, August, 1939. 

> Davis, J. D., and V. F. Parry, Carbonizing Properties of a Subbituminous Coal from Puritan 
Mine, Weld County, Col., U.S. Bur. Mines Repts. Invest. 3248, February, 1939. 
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Fig. 4-5. Distribution of products from coal when carbonized at various temperatures. {U.S, Bureau of Mines, Kept. 
Invest. 3428.) 
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higher and higher temperatures while in motion and the volatile products are removed 
from the retort at their temperature of formation. Under such condition of heating, 
the secondary reaction or cracking of the tars and gases would not occur to the same 
extent as in the coke oven. 

Experimental results on a typical subbituminous coal (Puritan Mine, Dacono, 
Weld County, Colorado) showed marked differences in properties as compared with 
similar results on a typical coking coal from the Pittsburgh seam in the same apparatus. 
The comparison is made by means of the bar chart shown as Fig. 4-5. The chart on 
the left represents the distribution of products from the Pittsburgh coal at various 
temperatures. The bars at the left in each column show the distribution at 500°C, 
and adjoining bars to the right are 600, 700, 800, 900, and 1000°C. The distribution 
of heat recovered and materials is thus shown on five bases, thermal, weight, oxygen, 
hydrogen, and carbon. The middle chart represents the results from subbituminous 
coal, and the chart on the right is the distribution of products from the same co'al when 
secondary water-gas reactions are eliminated. A study of this figure will reveal the 
characteristic differences between a noncoking coal and a typical coking coal when 
carbonized by external heat. The length of the white bars emphasizes the great 
difference in yield of water. The decrease in the length of the white bar on the sub¬ 
bituminous chart as the temperatures increase gives a picture of the extent of the 
water-gas reaction. 

Briquettes from Subbituminous Coal. The U.S. Bureau of Mines conducted 
experiments to compare briquettes from subbituminous coal with those from Poca¬ 
hontas.' Generally speaking, it was found that subbituminous briquettes were 
inferior to those from the higher rank bituminous coal. There was a tendency to 
slack and to disintegrate in the fuel bed. About 2 per cent more binder was re'quired 
for briquettes considered even passable; even so, completely satisfactory briquettes 
could not be made with subbituminous coal, even when binder concentrations were as 
high as 10 per cent. 


Table 4-13. Comparative Properties of Subbituminous Briquettes^ 

(All briquettes made with an 8 per cent asphalt binder) 


Briquette made from 

Age, 

days 

weathering 

1 

Strength 

Property 

Sp gr 

Abrasion 

resistance 

Raw subbituminous coal (25 per cent moisture). 

0 

670 

1 14 

19 


25 

225 

1 06 

64 

Steam-dried subbituminous coal (6 per cent moisture). 

0 

416 

1 05 

48 


28 

224 

1 04 

79 

Air-dried subbituminous coal (10 per cent moisture). 

0 

764 

1 07 

41 


28 

146 

1 

1 05 

69 


1 Pakry, V. F., and J. B. Goodman, Briquetting Subbituminous Coal, U.S. Bur. Mines Repts. Invest, 
3707, June, 1943. 


Steam drying stabilized the briquettes somewhat but imparted no significant 
improvement in physical properties. Btu content was 12,200 for steam-dried coal; 
10,900 Btu from raw coal. 

All subbituminous briquettes disintegrated somewhat while burning, because this 
fuel has no coking properties. High concentrations of binder do not overcome this 
undesirable property with either subbituminous or lignite. 

1 Parry, V. F., and J. B. Goodman, Briquetting Subbituminous Coal, U,S, Bur, Mines Repts, 
Invest. 3707, June, 1943. 
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Table 4-13 is presented for purposes of comparing briquettes made from three raw 
coals. In using this table, it is of interest to compare the results with the following 
tentative standards for satisfactory commercial pillow-shaped briquettes; 

1. Compressive strength made through parallel surfaces on pillow-shaped bri¬ 
quettes should be at least 650 to 700 psi. 

2. The apparent specific gravity, measured by weighing a paraffin-coated briquette 
in water, should be about 1.20. 

3. The abrasion resistance, measured by material passing a 0.263-in. square-hole 
screen after five briquettes are tumbled for 1,200 revolutions in the ASTM apparatus 
for tumbler test for coal, should not be more than 25 to 30 per cent. 

Gasification of LigniteJ Experimental work carried on by the U.S. Bureau of 
Mines at Grand Forks, N.D., in an externally heated (Parry) retort, showed that 
various grades of water gas having H 2 :CO ratios of 2.1:5.4 could be readily produced 
by adjustment of temperature and concentration of steam. These gases were made 
at rates ranging from 65 to 80 cu ft/hr/sq ft of heated surface when employing a 
reaction zone 3 in. wide. The rate of gas formation or the rate of heat transfer in the 
annular retort is approximately inversely proportional to the width of the reaction 
zone. The indicated over-all efficiency of gasification was 72 per cent when it is 
assumed that producer gas and steam for the process can be generated at efficiencies 
of 80 and 85 per cent, respectively. As this work was purely experimental, the 
results shown may be subject to considerable modification as the project advances to 
the commercial stages. 

1 Parry, Gkrnbs, Waoner, Goodman, and Koth, Gawfication of LiRnito and Subbituininons Coal, 
U.S. Bur. Mines Repta. Invest. 4128, Septemlwjr, 1948. 
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PEATi 


Peat, or *Hurf,” is a decaying vegetable matter, disintegrated wholly or in part, 
usually brown in color and of a fibrous character. Although it is not recognized as 
one of the ranks of coal, it is convenient to designate peat geologically as the first step 
in the formation of coal beds, the sequence being growing vegetation, peat, lignite, 
subbituminous coal, bituminous coal, semianthracite, anthracite, and meta-anthracite 
or graphite. There are many kinds of peat grading from incipient decay to the 
loosest of lignite structure. 

In the United States, peat is primarily used as a fertilizer. The familiar form is the 
bagged “humus,” as it is called by the fertilizer companies. Peat also serves as a 
raw material for the manufacture of paper stock. Alcohol has been made from it. 
It has antiseptic properties and has been used for hygienic purposes, notably for 
wound bandages. Peat is found in abundance in the New England states, New York, 
Michigan, Wisconsin, Minnesota, and along the northern border of the states of New 
Jersey, Ohio, Indiana, Illinois, and Iowa. Peat seldom occurs in coal regions. 

In central Canada there are no coal beds but an abundance of peat bogs. The 
Canadian government has thus made a sustained effort to find a place for peat to give 
Canada an independent fuel supply. 

In Europe, especially Ireland, Scandinavia, and Russia, peat is a staple fuel. 

Peat bogs constitute an enormous potential fuel reserve. However, as peat comes 
from the bog, it contains from 85 to 90 per cent water, which lowers its heat content 
to below 1,300 Btu; this water must thus be evaporated from peat before it can be 
used as a fuel. Because of its low heating power, peat is seldom used in its natural 
form where coal is procurable at reasonable prices; however, widespread attempts 
have been made to briquette peat so as to upgrade its value. Some of these have 
been very successful from mechanical and physical viewpoints, but most have met 
economic difficulties, again because of the cost of properly disposing of the water 
content. 

Classification of Peat 

In all cases the disintegration of vegetable matter forming peat has occurred under 
water. It is necessary for peat formation that there be an area of depression, having 
a clay bottom whereon still water lies, favorable to the growth of aquatic and other 
plants. What are known as “high bogs” are principally made up, as far as their peat 
content is concerned, of the remains of mosses, moor plants, and forest residue The 
vegetable matter forming the “low bogs” is usually composed of grass sedge and weeds. 
Bogs may consist of mixtiires of the two genera of plants. Botanically speaking, the 
following subdivisions of the plants usually occurring in peat formations has been 
by J. Hallm<5n of Markaryd, Sweden: 

Moss Peat. 

o. Sphagnum peat, made from sphagnum moss, is difficult to dry, is very light, and 
is well adapted to the moss-litter industry and for bandage purposes. 

6. Hypnum peat is rich in lime and nitrogen and is better suited to fertilizer than to 
fuel purposes, although it docs not absorb moisture to the great extent common to the 
sphagnum peats. 

c. Forest-moss peat consists largely of forest residues and when properly treated can 
be made into excellent fuel. 

^ Stillman, Arthur L., ** Briquetting,'* pp. 184-187, Chemical Publishing Company, Inc., Easton, 
Pa., 1923. 
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Grass Peat. 

a. Sea peaty made from the remains of low-order ocean weeds, makes excellent fuel 
when properly disintegrated and treated. 

h, Carex’-peat plants are usually the product of sandy soils; therefore, there may be a 
considerable admixture of silts and sand, resulting in high ash content. Some bogs 
of this class, however, have delivered excellent fuel. 

c. Eriophorurriy or cotton-grass peaty has the best raw material for the manufacture 
of peat fuel when the contents of the bog have been well disintegrated. When not 
disintegrated, the fiber is strong, and attempts have been made to make fabric 
therefrom. 

Another classification is that cited by S. W. Johnson: 

a. Turfy Peat. Yellowish brown in color, spongy and elastic, but slightly decom¬ 
posed 

h. Fibrous Peat. Brown in color, less elastic, but with the fibers of vegetation 
easily distinguishable 

c. Earthy Peat. Without fibrous structure, being an earthlike mass; breaks with 
some difficulty 

d. Pitchy Peat. Dense and black with a lustrous fracture. 

In this division, class d would be expected to operate in a manner similar to lignite, 
and class a would be more valuable for purposes other than fuel. 


Chemical Composition and Analysis of Peat 


The chemical composition of peat is c< 


Table 6-1. Typical Proximate Analysis 
of Peat 



As re¬ 
ceived, 
lier cent 

Dry 
basis, 
Iier cent 

Moisture 

91 02 

0 

Fixed carbon 

3 00 

33 41 

Volatile matter 

5 37 

59 80 

Ash 

1 61 

6 79 

Sulphur 

0 11 

1 22 


Table 5-la. Typical Ultimate Analysis 
of Peat 

Per Cent 


Carbon.58 

Oxygen ... ... 35 

Hydrogen , . 5 7 

Nitrogen .. . 12 


Table 5-4 shows the variations and 
peat from various countries. 


[nplex. Peat originates from cellulose or 
vegetable substance and lignin or woody 
matter. These compounds are formed of 
carbon, oxygen, and hydrogen. Mixed 
therein are more complex compounds, 
resins, fats, and proteins. During the 
decomposition that results in peat, the 
humic, ulmic, and like acids are formed. 
The cellulose seems to be the least dis¬ 
turbed of the vegetable compounds con¬ 
cerned. Bitumen is common to all 
classes of peat. The decomposition is 
accompanied by a gas formation, in 
which are included carbon dioxide, 
methane, ammonia, and hydrogen 
sulphide. 

While analyses of peat vary widely, 
a typical proximate analysis of a high- 
grade peat is given in Table 5-1. 
ges of a large number of analyses of dried 


Bopplerite 

This is a variety of peat, found chiefly in Styria but also occurring elsewhere in 
Europe, whose composition shows it to be highly acid. An analysis by Schrotter 
shows that it contains carbon, 48.06 per cent; hydrogen, 4.98 per cent; oxygen, 
40.07 per cent; nitrogen, 1.03 per cent; and ash, 5.86 per cent. 

It is amorphous and in the fresh state is elastic like rubber. Its luster is greasy. 
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Table B-'2. Analyses and I^b Heat Values of Air-dried^* Peat^ 


Kind of peat 

Locality 

1 Constituents, per cent 

High heat value, 
Btu/lb 

Mois¬ 

ture® 

Ash 

Sulphur 

Air- 

dried® 

Moisture- 

free 

Brown, fibrous. 

Hamburg, Mich. 

7 50 

6 55 

0 28 

9,090 

10,026 

Light brown, fibrous .... 

Rochester, N.H. 

11 64 

4 06 

0 22 

9,083 

10,280 

Dark brown. 

Westport, Conn. 

12 70 

4 12 

0 24 

8,590 

9,839 

Brown, structureless 

New Durham, N.H. 

6 06 

17.92 

0 88 

7,947 

8,460 

Brown . . 

New Fairfield, Conn. 

9 63 

7 93 

0 46 

7,861 

8,698 

Brown, fibrous. 

Westport, Conn. 

19 69 

3 23 

0 19 

7,691 

9,578 

Brown, fibrous. 

Cicero, N.Y. 

14 75 

7 42 

0 25 

7,576 

8,869 

Brown. 

Black Lake, N.Y. 

8.68 

16 61 

0 99 

7,522 

8,237 

Salt marsh. 

Kittery, Me. 

13 50 

12 04 

1 94 

7,319 

8,462 

Black . 

Greenland, N.H. 

6 62 

24 n 

1 01 

7,186 

7,695 

Brown, fibrous. 

Madison, Wis. 

6 99 

18 77 

0 38 

6,943 

7,628 


1 U.S. Bureau of Mines. 

“While moisture contents “air-dried” are as shown by U.S. Bureau of Mines, the peats as found 
contained from 85 to 95 per cent water. A very extensive drying is therefore indicated to bring the 
analyses down to these relatively low figures. 


Table 6-3. Miscellaneous Properties and Characteristics of Peat 

Color. Variable, light brown through black 

Weight. Dry weight 7 to 60 Ib/cu ft 

Specific gravity; 

Air-dned. 0.7-1.1 

Briquetted. 1.15-1.25 

Bulk compared with coal . 8-18 tunes for same evaporating effect 
Burning charactcristies . Kasily kindled, burns freely, quick heat 
Rate of formation in bogs... Probably averages about 1-ft a century 


Table 6-4. Range of Analyses of Peats 
from Various Countries^ 



Variations, 
per cent 

Avg 

per cent 

Carbon. 

37 15-66 55 

53 83 

Hydrogen. 

4 08-10 39 

5 97 

Oxygen . 

i 18 59-42 63 

33 12 

Nitrogen . 

0 77- 3 10 

1 34 

Fixed carbon . 

10 39-33 91 

23 59 

Volatile matter . 

43 38-73 60 

60 18 

Ash. 

1 05-32 95 

9 58 

Sulphur. 

Usually below 1 % but 


often as low 

as 0.1%, 


and sometimes higher 


than 1 % in pyritiferous 
types 

Btu. 

5,500-10,000 in air-dried 
samples 


1 Moorb, E. S., “Coal,” John Wiley & Sons, 
Ino., New York, 1940. 


and its specific gravity is 1.080. It burns 
with little or no flame and omits an odor 
like peat. 

Methods of Preparing Peat for Fuel 

In general, the methods used for pre¬ 
paring peat fuel are as follows: 

1. Cut Peat. 

а. By handy as in Ireland and Europe. 
Peat, cut with a tool known as a “slane,’^ 
is stacked for air drying to about 30 per 
cent moisture. Drying racks or sheds are 
sometimes used. Bricks are about 

by 4 by 4. 

б. By machiney in effect briquetting 
machines in which the peat is first 
shredded and then reformed into cubes. 


About 10,000,000 tons are so produced annually, mostly in Russia and Scandinavia. 
Unless extensive drying is employed, cut peat is of low heat value with much smoke. 

2. Briquetted Peat. The peat is usually sun-dried to about 45 per cent, mechani¬ 
cally dried to some 30 per cent, and then briquetted on piston or roll briquette presses 
to a final moisture content as low as 12 to 6 per cent. 
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8. Wet Carbonizing. Peat under some 8 atm of pressure is heated in retorts to 
150®C. The resultant hot water chars the peat, preparing it as a material suitable 
for subsequent briquetting. 

4. Peat Charcoal. Methods range from crude charcoal burners of the conventional 
type to complete coking processes such as the Ziegler/^ which distills off all by¬ 
products to leave a peat coke having about 88 per cent fixed carbon, 9 per cent volatile, 
3 per cent ash, and 14,200 Btu per lb. 


Table 6-6. 1940 to 1946 World Production of Peat^ 

(In metric tons) 


Country® 

1940 

1941 

1942 

1943 

1944 

1945 

1946 

Canada: Fuel 

27 

322 

156 

709 

584 

107 

132 

Peat moss 

15,591 

25,222 

48,540 

58,386 

72,979 

76,170 

79.060 

Denmark 

2,500 000 

4.700,000 

4,800,000 

6,200,000 

5,800,000 

5,685,000 

3,700,000 

Eire** 

3,624,250* 

5,398,274 

4,312,738 

4,954,895 

5,302,477 

5,086,734 

d 

Finland.. 

13,716 

10,982 

8,659 

2,364 

2,840 

7,280 

d 

France 

23,880 

83,560 

209,740 

190,210 

112,619 

92,000 

78,000 

Hungary 

10,290 

11,720 

16,710 

28,640 

d 

d 

d 

Iceland . 

24,344 

18,003 

d 

11,560 

11,973 

11,000 

10,500 

Italy 

9,433 

19,510 

134,463 

59,204* 

d 

d 

d 

Netherlands .. 

616,640 

748,810 

712,935 

648,800 

535,550 

.386,050 

571,940 

Norway 

d 

127,000 

185,000 

d 

d 

d 

d 

Sweden: Fuel 

76,367 

248,297 

637.568 

978,269 

810,000 

1,150,000 

703,000 

Litter, baled 

123,201 

118,599 

112,400 

110,000 




Litter un- 








balod 

6,000 

3,649 

2,060 

1,395 

107,000 

100,000 

106,000 

Baled 

25,543 

26,420 

14,987 

15,948 




Switzerland. . 

12,000 

40,000/ 

200,000/ 

430,000/ 

310,000/ 

497,429 

100,000 

U.S.S.R.^ 

31,800,000/ 

d 

d 

d 

d 

19,760.000/ 

d 

United States^ 

64,000 

78,000 

65,000 

54,000 

88,000 

97,000 

127,647 


1 “Minerals Yearbook,” U.S. Bureau of Mines, Peat Preprint, p. 4, 1946. 

In addition to countries listed, Argentina, Austria, Germany, and Poland produce peat, but data 
of production are not available. 

Figures for 1940 to 1942 relate to production by holders of agricultural land only; those for 1943 to 
1946 cover total production. 

® Fiscal year ended Apr. 30 of year stated. 

** Data not available. 

January to June, inclusive. 

/ Elstirnate. 

0 Excluding Estonia, Latvia, and Lithuania. 

* Data for 1940 to 1943 are as reported to the Bureau of Mines by producers and probably represent 
only about two-thirds of total production. Data for 1944 to 1945 have been revised to provide esti¬ 
mates believed to represent, as does 1946, reasonably complete coverage. 


WOOD 

CORDWOODi 

Until about 1890, cordwood was the predominant fuel of the United States; whereas 
as late as 1875 nearly 3 cords of wood were used for each ton of coal mined. While 
this relationship, of course, declined steadily after this date, current demands for such 
purposes as fireplaces, rural and farm heating, tobacco curing, and other agricultural 
processing are still sufficiently great to make the annual production of cordwood 
roughly equal to that of Pennsylvania anthracite. Furthermore, although the vol¬ 
ume of high-grade timber is decreasing year by year, inferior, waste, and thinned wood 
is sufficiently plentiful to supply all purposes without using wood that could be con¬ 
verted to lumber. 

1 Fuel Wood Used in the United States 1630-1930, U.S. Dept. Agr. Circ. 641, February, 1942. “Wood 
Fuel in Wartime.” XJ.S. Dept. Agr, Farmers Bull. 1912, 1942. 
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Advantages of Cordwood 

1 . Wood 18 clean to handle and free from disagreeable dust; it produces little smoke 
or soot when properly burned. 

2. A cord of hardwood leaves a maximum of only about 60 lb of ashes; while a ton 
of anthracite will leave 200 to 300 lb, without including unburncd combustible in the 
ash. 

3. Wood ashes have a definite fertilizing value. (Anthracite ash is also admixed 
with soil, but its action is one of lightening rather than fertilizing.) 

4. Wood has a low ignition temperature so that it is easy to start and can be main¬ 
tained at a low late of combustion. 

5. Thinning and removing dead and stunted wood is beneficial to growths of timber, 
thus providing the owner with a convenient source of fuel from material which would 
otherwise be wasted. 

6. Most people appreciate the pleasant aspect of a glowing open fire, especially 
in mild weather when relatively small amounts of heat are required. 

Location of Hardwoods 

About one-fourth of the total volume of hardwoods is located in New England and 
the Middle Atlantic states. The Lake states contain nearly 12 per cent of the hard¬ 
wood volume, and five Central states, Ohio, Indiana, Illinois, Iowa, and Missouri, 
have 8 per cent. Thus these three regions, where fuel consumption is heavy, have 
approximately 45 per cent of the hardwood stands of the nation. 


Table 6-6. Leading Fuel Woods by Regions, 1630 to 1930i 


New England 

Middle Atlantic 

South Atlantic 

Lake 

Oaks 

Oaks 

Pine (yellow) 

Oaks 

Maple 

Maple 

Oaks 

Maple 

Birch 

Birch 

Hickory 

Tamarack 

Pinos 

Pines 

Gum 

As lien 

Beech 

Beech 

Maple 

Birch 

Hickory 

Hickory 

Ash 

Pines 

Central 

East Gulf 

Lower 

Mississippi 

Prairie 

Oaks 

Pine (yellow) 

Pine (vellow) 

Oaks 

Maple 

Oaks 

Oaks 

Cotton w'ood 

Pine (yellow) 

Hickory 

Gum 

Hickory 

Birch 

Gum 

Hickory 

Maple 

Hickory 

Ash 

Ash 

Ponderosa pine 

Beech 

Chestnut 

Maple 

Walnut 

North Rocky 
Mountains 

South Rocky 
Mountains 

North Pacific 

! South Pacific 

Ponderosa 

Juniper 

Douglas fir 

Oaks 

Douglas fir 

Pifion 

Ponderosa pine 

Ponderosa pine 

Lodgepole pine 

Aspen 

Larch 

Douglas fir 

Aspen or cottonwood 

Ponderosa pine 

Oaks 

Redwood 

Larch 

Oaks 

Alder 

Eucalyptus 


1 Fuel Wood Used in the United States, 1630-1930, U.S. Dept. Agr, Circ. 641. 
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In all regions, the choice of wood for fuel is determined primarily by availability 
and ease of production and secondarily by heating value and lack of objectionable 
qualities. However, the manner in which this has worked out in actual practice is 
indicated in Table 5-6, listing the fuels used in each region in the order of accumulated 
volume used to date. In each region, the first three kinds named would probably 
include 80 per cent or moie of the volume of fuel wood used throughout the regional 
history. 

Measurement of Cordwood 

Stacked wood occupying 128 cu ft of space makes up 1 cord, usually considered as a 
pile 4 by 4 by 8 ft. The content of solid wood in a cord varies considerably, depending 
on the length, size, and form of the individual sticks as well as the care in fitting them 
together, but a fair average is 80 cu ft of solid wood to the cord. 

In some parts of the country, wood is sold in “stovewood,^^ ^^face,^^ or ^^ninning^^ 
cords, “runs,” or “ricks” composed of 12-, 16-, or 24-in. pieces in piles 4 ft high and 
8 ft long. Three such piles of 16-in. wood actually contain somewhat more than one 
pile of 4-ft wood. 

General Characteristics of Wood 

Contrary to popular conception, the terms hardwood and softwood have no reference 
to the actual hardness of the wood. According to the “Wood Handbook,” prepared 
by the Forest Products Laboratory of the U.S. Department of Agriculture, hardwood 
refers to the botanical group of trees that are broad-leaved; softwoods, or conifers, 
refers to the botanical group of trees that have needle oi scalclike leaves and are ever¬ 
green for the most part. Cypress, tamarack, and larch are exceptions. 

The presence of considerable quantities of resins or oils, as in longleaf pine and 
eucalyptus, tends to raise the heating value of wood but causes it to be consumed 
faster. Pound for pound, rosin gives almost twice as much heat as wood; it also 
produces more smoke. 

Generally the softwoods (from cone-bearing trees) burn more readily than the hard¬ 
woods; and the lighter hardwoods are consumed faster than the heavier species. The 
pines, for example, make a quicker hotter fire and last a shorter time than birch, but 
birch gives a more intense flame than oak. Oak and hickory bum more slowly and 
give a steady heat. 

American beech has long been a favorite fuel wood in the Northeastern and Central 
regions of the country, having heating value nearly equal to that of the best oaks. 
Eastern hop hornbeam or ironwood is also heavy and yields much heat per cord. 

Chestnut, butternut, tamarack, and spruce have the objectionable property of 
throwing off sparks. 

Heat Value of Cordwood. Moisture in wood is the most important factor in the 
heating value. Not only is the carbonaceous weight of the wood reduced by the 
amount of the water, but the water content must also be converted to superheated 
steam at the stack temperature. Generally from 25 to 45 per cent of the weight of 
green wood is water, and in such species as cottonwood and willow it may be even 
55 or 60 per cent. 

From 6 months to a year is usually required for thorough seasoning, with some 
woods benefiting by seasoning to a much greater extent than others, depending 
largely upon their initial moisture content. 

The benefit through seasoning varies considerably with different species, depending 
upon such factors as the original moisture content. For example, ihe following woods 
are improved comparatively little by drying: ash (except black), beech, Douglas fir, 
Alpine fir, noble fir, pignut hickory, shagbark hickory, black locust, osage orange, 
red pine, lodgepole pine, red spruce, white spruce, tamarack (eastern larch). 
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On the other hand, higher moisture content makes seasoning of the following woods 
more necessary: red alder, blaek ash, paper birch, river birch, cottonwoods, grand fir, 
American elm. Pacific silver fir, white fir, hackberry, bitternut hickory, nutmeg 
hickory, honey locust, maples, oaks, pines (except red and lodgepole), red gum, sugar- 
berry, sycamore, water tupelo, black walnut. 

Some species, such as gray birch and aspen, give better results if not too dry, being 
consumed less rapidly. 

Table 5-7. Moisture Content of Cordwood under Various Conditions 

(Approximate only, as there is considerable variation at all levels) 

Green wood, as cut (except cottonwood and willow) 25—45 ‘’o 

Green wood, as cut, cottonwood and willow .. Up to 60% 

Beasoning 3 months, in reasonably dry weather® ... About of full seasoning effect, and 90 % of 

fuel value 

Seasoning 6 months to 1 year (depending on species) . . Full seasoning effect 
Fully seasoned, air-dned, commercial wood. 15-20% 

« If the branches of live trees, felled during the summer, are left intact for 2 or 3 weeks, considerable 
moisture will be drawn out through the leaves. 

Analyses of Cord Woods. As is seen in Tabic 5-8 the analyses of uniformly dried 
woods of most common species are remarkably uniform. By ultimate analyses, carbon 
varies only from 48.8 to 55.0 per cent, hydrogen from 5.6 to 7.0 per cent, oxygen from 
38.1 to 45.0 per cent, ash from 0.15 to 2.2 per cent, and high heat value from 8,400 
to 9,870 Btu. Pitch pine is excepted in these figures, as its high resin content gives 
it a considerably higher heat content and somewhat different analysis. 

Typical proximate analysis o) wood^ on a dry basis, is as follows: 

Per Cent 


Volatile.81 5 

Fixed carbon.17 5 

Ash . 10 


Table 6-8. Ultimate Analyses and Heating Values of Typical Dry Woods* 



Ultimate analyses by 
weight, per cent 

Heating value, 
Btu/lb 

Air reciuired for 
perfect combustion 
(zero excess air), 
lb/10,000 Btu 

CO 2 at zero 
excess air, 


C 

H 

S 

O 2 

N 2 

Ash 

Higher 

Lower 

per cent 

Softwoods:® 

Cedar, white. 

48 8 

6 4 


44 4 


0 4 

8,400'' 

7,780 

7 09 

20 2 

Cypress . 

55 0 

6 5 


38 1 


0 4 

9,870'' 

9,234 

7 12 

19 5 

Douglas fir. 

52 3 

6 3 


40 6 

0 1 

0 8 

9,050 

8,439 

7 19 

19 9 

Western hemlock 

50 4 

5 8 

o.i 

41 4 

0 1 

2 2 

8,620 

8.0.56 

7 05 

20 4 

Pine, pitch ... 

59 0 

7 2 


32 7 


1 1 

11,320'' 

10,620 

7 02 

18 7 

Pine, yellow. 

52 6 

7 0 


40 1 


1 3 

9,610'' 

8,927 

7 09 

19 2 

Pine, white. 

52 6 

6 1 


41 2 


0 1 

8,900'' 

8,308 

7 22 

20 2 

Redwood... 

53 5 

5 9 


40.3 

0 1 

0 2 

8,840 

8,266 

7 07 

20 2 

Hardwoods:® 

Ash, white .. 

49 7 

6 9 


43 0 


0 3 

8,920'* 

8,246 

7 09 

19 5 

Beech . 

51 6 

6 3 


41 4 


0 7 

8,760'' 

8,151 

7 28 

20 1 

Birch, white.. 

49 8 

6 5 


43 4 


0 3 

8,650'* 

8,019 

7 14 

20 0 

Elm . 

50 4 

6 6 


42 3 


0 7 

8,810'* 

8,171 

7 17 

19 8 

Hickory. 

49 7 

6 5 


43.1 


0 7 

8,670'* 

8,039 

7 12 

19 9 

Maple. 

50 6 

6 0 


41 7 

6!3 

1 4 

8,580 

7,995 

7 19 

20 3 

Oak, black. 

48 8 

6 1 


45 0 


0 15 

8,180'* 

7,587 

7 13 

20 5 

Oak, red. 

49 5 

6 6 


43 7 


0 15 

8,690'* 

8,037 

7 11 

19 9 

Oak, white. 

50 4 

6 6 


42.7 


0 2 

8,810'' 

8,169 

7 13 

19 8 

Poplar. 

51.6 

6.3 


41 5 


0 7 

8,920'* 

8,311 

7.15 

20,0 

Avg. 







8,980 



1 

1_ 


'DU Lorenzi, Otto, “Combustion Engineering,” pp. 25-27, Combustion Engineering Co., Inc., 
New York, 1947. 

As explained in the text, the terras softwoods and hardwoods refer to conifers and broad-leaved 
trees and not to the physical properties of the woods. 

^ Calculated from reported higher heating value of kiln-dried wood assumed to contain 8 per cent 
moisture. 
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Table 5-9. Effect of Moisture Content on Heat Value of Wood and Wood Products* 


Moisture, 
per cent 

1 

Heat value 
per lb, 
Btu 

Heat required 
to evaporate 
water, Btu« 

Net heat 
remaining, 1 
Btu 

Lb water 
per lb 
dry wood 

0 

9,000 

0 

9,000 

0 00 

10 

8,100 

120 

7,890 

0 11 

20 

7,200 

240 

6,960 

0 25 

30 

6,300 

360 

5,940 

0 43 

40 

5,400 

480 

4,920 

0 67 

50 

4,500 

600 

3,900 

1 00 

60 

3,600 

720 

2,880 

1,50 

70 

2,700 

840 

1,860 

2 30 

80 

1,800 

960 

840 

4.00 

90 

900 

1,080 

-180 

9 00 

100 

0 

1,200 

-1,200 



« Assuming 500°F stack temperature. 


Table 6-10. Approximate Weight and Heating Value of Various Woods^ 


Species 

Weight per cord® 

Available heat'" per 
cord 

t 

Equivalent in coal** 

Green, 

lb 

Air-dry,^ 

lb 

Green, 

inillion 

Btu 

Air-dry, 

million 

Btu 

Green, 

tons 

Air-dry, ^ 
tons 

Ash ... . 

3,840 

3,440 

16 5 

20 0 

0 75 

0 91 

Aspen . ... 

3,440 

2,160 

10 3 

12 5 

0 47 

0 57 

Beech, American. 

4,320 

3,760 

17 3 

21 8 

0 79 

0 99 

Birch, yellow ... 

4,560 

3,680 

17 3 

21 3 

0 79 

0.97 

Elm, American . 

4,320 

2,960 

14 3 

17 2 

0.65 

0 78 

Hickory, shagbark . . ... 

5,040 

4,240 

20 7 

24 6 

0 94 

1 12 

Maple, red 

4,000 

3,200 

15 0 

18 6 

0 68 

0 85 

Maple, sugar . 

4,480 

3,680 

18 4 

21 3 

0 84 

0 97 

Oak, red . 

5,120 

3,680 

17 9 

21 3 

0 81 

0 97 

Oak, white .. 

5,040 

3,920 

19 2 

22 7 

0 87 

1 04 

Pine, eastern white 

2,880 

2,080 

12 1 

13 3 

0 55 

0 60 


1 Data from Forest Products Laboratory, as reported in “Wood Fuel in Wartime,” U.S. Dept. Affr. 
Farmers Bull. 1912. 

« Containing 80 cu ft of solid wood. 

'' Air-dry means with 20 per cent moisture in terms of oven-dry weight, or 16.7 per cent in terms of 
total oven-dry weight. 

*■ Available heat equals calorific (Btu) value, minus loss due to moisture, minus loss due to water 
vapor formed, minus loss due to heat earned away m dry chimney gas. Hue temperature 450®F; no 
excess air. 

Heat value of coal under similar conditions taken as 11,000 Btu. This would require a good coal 
with a calorific value of about 14,000 Btu per lb of dry coal. Tons of 2,000 lb. 


Table 6-11. Woods Classified by the Number of Cords Required to Equal the Heat 
Value of 1 Net Ton of Anthracite^ 


1 cord 

IK cords 

2 cords 

Hickory 

Shortleaf pine 

“Cedar” 

Oak 

Sweet gum (red gum) 

Redwood 

Beech 

Douglas fir 

Poplar 

Sweet birch 

Sycamore 

Catalpa 

Hard maple 

Soft maple 

Cypress 

Rock elm 

Slippery elm 

Basswood 

Locust 

Black cherry 

Spruce 

Longleaf pine 

Tamarack 

White pine 


' “Wood Fuel in Wartime,” U.8. Dept. Agr'Farmers Btdl. 1912. Based upon 80 cu ft of solid wood, 
seasoned to 15 to 20 per cent moisture by total weight. 
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Table 5-12. Cubic Feet of Solid Wood per Cord for Various Diameters of Sticks^ 


Diam of stand¬ 
ing timber, 
breast high, in. 

Chestnut 

Black oak 

White oak 

Diam avg 
stick, in. 

Cu ft/cord 

Diam avg 
stick, in. 

Cu ft/cord 

Diam avg 
stick, in. 

Cu ft/cord 

2 

1 8 

63 

1 8 

63 

1 8 

63 

3 

2.6 

70 

2.5 

69 

2 5 

69 

4 

3 3 

75 

3 1 

74 

3 1 

74 

5 

4 0 

79 

3 6 

77 

3 5 

76 

6 

4 7 

83 

4 1 

80 

3 9 

79 

7 

5 2 

85 

4 5 

82 

4 2 

81 

8 

5.8 

88 

4 8 

84 

4 5 

82 

9 

6 2 

89 

5 0 

85 

4 7 

83 

10 

6.7 

91 

5 3 

86 

4 9 

84 

11 

7 0 

92 

5 4 

86 

5 0 

85 

12 

7.4 

93 

5 6 

87 

5 1 

85 

13 

7.7 

94 

5 7 

88 

5 2 

85 

14 

7 9 

94 

5 7 

88 

5 2 

85 

15 

8 2 

95 

5 8 

88 

5 3 

86 

16 

8 4 

95 

6 9 

88 

5 4 

86 

17 

8 5 

95 

5 9 

88 



18 

8.7 

95 

6 0 

89 




1 U.S. Dept. Agr. Forest Service Bull. 96. 


HOGGED FUELi 

The term ‘^hogged fuel ” is properly applied to wood slabs, bark, edgings, trimmings, 
etc., which have been put through a ^‘hog*^ to reduce them to a uniform small size 
(usually from dust to about 5 cu in.), but the term is also loosely used for shavings 
from planing mills, sawdust from saw kerfs, bits of bark, chips, and other small 
products from the manufacture of lumber. 

Several types of ^^hogs^^ are available, but virtually all operate on the essential 
principle of rapidly rotating knives or swing hammers in a suitable casing, which 
force the macerated and shredded wood through a perforated plate or series of spaced 
bars. 

Quantity Available. In the manufacture of lumber, the total quantity of waste 
and by-products material will average about 50 per cent, of which 10 per cent is bark; 
20 per cent slabs, edging, and trimming; and 20 per cent shavings and sawdust. 
(This distribution may vary widely in specific mills because of local conditions and 
type of finished product.) Sawdust and some shavings can usually be burned with¬ 
out further processing; but larger material is usually ^^hogged ” to facilitate handling 
and combustion. In typical Northwestern sawmills the salable surplus of hogged 
fuel, above the mill requirements, usually averages about 100 lb per 1,000 ft of logs 
handled. 

Hogged fuel is sold by the “unit," a unit consisting of 200 cu ft as measured without 
tamping or packing. The weight of a unit will vary from 1,700 to 2,300 lb of dry 
wood (up to 5,000 lb, as received) depending on the species, moisture, and fine-material 
content. 

Like wood, the principal characteristics of hogged fuel are high moisture, high 
volatile, low carbon, and high oxygen. The moisture must be evaporated before 
combustion can take place; the volatile matter, amounting to about 80 per cent of the 
dry fuel, must be burned above the grate; and the fixed carbon, about 20 per cent of 
the dry fuel by weight, burned on the grate. As is the case with all wet fuels, the 
dried fuel and the distilled gases should be burned in close proximity to the incoming 
wet wood, to ensure more rapid evaporation. ~ 

1 DM Lorbnzt, Otto, “Combustion Engineering,” Combustion Engineering Co., Inc,, New York 
1947. “ Finding and Stopping Waste in Modern Boiler Rooms,” Cochrane Corp., Philadelphia. 1928. 
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Hogged fuel stored outdoors shrinks 10 to 25 per cent from settling after rains and, 
according to Cochrane, also loses about the same amount* in heating value from 
escaping volatiles. Little further depreciation occurs after C months. 


Table 5-13. Analyses of Hogged Fuels^ 



California 

redwood 

Western- 

hemlock 

Douglas 

fir 

Pine 

sawdust 

Moisture as received, per cent 

50 4 

57.9 

35.9 


Moisture air-dried, per cent . 

7 3 

7.3 

6.5 

6.3 

Proximate analysis, dry fuel: 





Volatile matter, per cent.... 

82 5 

74 2 

82.0 

79.4 

Fixed carbon, per cent .... 

17 3 

23 6 

17 2 

20.1 

Ash, per cent. 

0 2 

2 2 

0.8 

0.5 

Ultimate analysis, dry fuel: 





Hydrogen, per cent. 

5 9 

5 8 

6 3 

6.3 

Carbon, per cent . 

53 5 

50 4 

52 3 

51.8 

Nitrogen, per cent . 

0 1 

0 1 

0 1 

0 1 

Oxygen, per cent . 

40 3 

41 4 

40.5 

41 3 

Sulphur, per cent 

0 

0 1 

0 

0 

Ash, per cent 

0 2 

2 2 

0 8 

0 5 

Btu per lb (dry) .. 

9.920 

8,620 

9,050 

9,130 


1 U.S. Bureau of Mines. 


INDUSTRIAL USE OF WOOD WASTE 

In contrast with the earlier days of lumbering, when all bark, chips, sawdust, and 
other small material that could not be burned as a fuel was wasted, there is now a 
profitable market for all such by-products. As a result, many new sawmills, partic¬ 
ularly the larger ones, are being built without any waste burners. In frequent 
instances, even the boiler plant can no longer depend upon hogged fuel as a power 
source. 

An example of this modem concept is the Longview, Wash., plant of the Weyer¬ 
haeuser Timber Co.^ Here are located on one site three sawmills, a planing mill, 
plywood plant, sulphite-pulp mill, sulphate-pulp mill, bark-products plant, and a 
Pres-to-log plant. All are interconnected by suitable mechanical handling and 
conveyor systems. 

In the plywood plant a specially designed pneumatic barker cleanly separates the 
thick Douglas-fir bark by means of tearing jets of water at approximately 1,600 psi. 

Douglas-fir bark, after being ground and screened, is used for a wide variety of 
products, ranging from insecticide powders to soil conditioners and plastic molding 
compounds. 

In the sulphite-pulping plant, hemlock and white fir logs, together with chunks and 
partly defective material, are converted to pulp. Logging leftovers from prelogging 
and relogging contribute a substantial part of the raw materials for this plant. • 

The sulphate mill obtains most of its Douglas-fir supply from slabs, trimmings, 
edgings, and other leftovers from the sawmills supplemented by thinnings from second- 
growth forests. 

The Pres-to-log plant compresses planing-mill shavings and other dry leftovers into 
a domestic fuel for fireplaces. 

The full use of the bark from these woods results in savings of some 17 volume per 
cent of which about 12 per cent is in the form of the bark and the additional 6 per cent 
is, as a result of the hydraulic debarkers, clean separation of bark without waste of 
wood. 

1 “Oil-power,” pp. 8 and 9, Socony-Vacuum Oil Co., July and August, 1948. 
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Table 5-14. Characteristics of Sawmill-refuse Fuels^ 


Wood 

j Usual location 

1 Moisture 
/ per cent 

1 Fuel 

/ characteristics 

Birch 

Mich. 

40-4.5 

Fair 

Cedar 

W. Wash., Ore., B.C. 

45-55 

Fair 

Cedar 

Central Calif. 

40-50 

Fair 

CyprcBs 

P’la., Tex., Miss. 

36-54 

Fair 

Fir 

i Wash., Ore., B.C. 

35-45 

Good 

Fir 

Central Calif. 

35-50 

Poor 

Hemlock 

! Wash., Ore , B.C. 

40-50 

Poor 

Hemlock . 

Mich. 

45-55 

Poor 

Maple 

Mich. 

45-55 

Fair 

Pine cork 

E. Wash., Idaho 

35-45 

Fair 

Pine, longleaf 

Fla., Gulf Coast 

40-50 

Fair 

Pine, shortleaf 

Fla., Gulf Coast 

20-40 

Fair 

Pine, shortleaf 

Fla., Gulf Coast 

40-50 

Fair 

Pine, white 

Mexico 

35 55 

Fair 

Pine, sugar 

Cahf. 

40-55 

Poor 

Pine, yellow. 

Calif, (central) 

40-45 

Fair 

Redwood 

Calif. 

45-50 

Poor 

Pine, white 

Calif. 

35-45 

Fair 


1 Corbet, Darrah, from “Cochrane Handbook,” Philadelphia, 1928. 


WOOD BARK' 

Despite modern methods for converting much of the formerly wasted materials 
from lumber and pulp mills into marketable products, large quantities of bark and 
wood chips continue to serve as a fuel, particularly in the smaller mills. 

Quantity Available. Studies made by various Pacific Northwest operators indicate 
that from 1,320 to 2,130 lb of wet bark, or 475 to 740 lb on a dry basis, per ton of 
unbleached pulp are produced when hemlock and white-fir logs are used. This wide 
variation is due to many factors, among which are the type of debarking method used, 
the size of the logs being handled, the time of the year in which the logs are cut, and 
the method of handling from the forest to the barking equipment. 

While in some smaller, less well-equipped plants bark and waste may be so plentiful 
as to constitute a disposal problem, especially in the summer when lumbering is at its 
peak and heat is not needed, the general practices are such, particularly in the larger 
plants, that bark and waste production are reduced to only a small fraction of the total 
fuel requirements, the remainder being supplied by conventional oil- or coal-fired 
equipment. 

Surprisingly, for the same species of wood, as much as 75 per cent more bark will 
be obtained from logs cut in the fall and winter than from those cut in the spring when 
the sap has started to flow and the bark is readily scabbed off. 

Moisture and Drying. The moisture content of bark also depends upon several 
factors. A conventional method of debarking tumbles the logs in huge revolving 
^pen-ended cylinders without adding moisture in the process; a newer method employs 
hydraulic jets which, as the name implies, add considerable moisture. The logs may 
be hauled dry or floated to the mill, may be used as received, or may undergo a drying 
period before use. 

According to Freiday, the moisture content of bark, as received, ranges from 60 to 
80 per cent for Northern mills and 45 to 55 per cent for Southern mills. He attributes 

1 Frbxdat, J- H., Bark Burning Methods, Combustion^ October, 1947, pp. 45-46. “Wood Fuel in 
Wartime,” U.S, Dept. Agr. Farmers Bull. 1912, 1942. Harris, D. W., The Combined Firing of Coal 
and Wood Refuse, Paper Mill News, Mar. 5, 1949, pp. 10-13. 
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this wide difference to the general practice of river driving and wet barking in the 
North as contrasted with rail transportation and dry barking in the South. 

Whereas hogged fuel formerly purchased from sawmills might have had a moisture 
content of 40 to 50 per cent, and the hogged fuel from the pulp-mill preparation room 
a moisture content of 50 to 57 per cent, bark now obtained from hydraulic barkers 
will have a moisture content of 60 to 70 per cent or even higher. 

Moisture after barking can be controlled by either pressing or drying. The econ¬ 
omy of pressing is doubtful unless the moisture content runs over 65 per cent; even so, 



Fio. 5-1. Heat value of wood fuels with various moisture content and net value. 

the pressed product is likely to contain as much as 60 per cent water. Drying is not 
likely to prove economical unless the moisture content exceeds 50 per cent. 

Even ill cases where spot samples have shown a total moisture content in excess of 
70 per cent, the general experience is that the addition of simple screens for draining 
off the surface water will reduce the average moisture content of the bark to 62 to 
65 per cent. 

Heat Content. Dry bark will analyze 9,000 Btu per lb or more. Bark of 65 per cent 
moisture content has a heating value of about 3,000 Btu per lb but will still support 
combustion. (Sec Fig. 5-1 to calculate gross and net heat values of bark of various 
moisture contents.) 

The bark of some species, such as birch, Douglas fir, ponderosa pine, and shagbark 
hickory, has a higher heat value than the wood from the same trees; the bark from 
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other trees, such as the ^^cedars,^^ or junipers, has a low heat value and produces much 
smoke. 

Formerly it was often considered more economical to dump, rather than to burn, 
bark. Today, with rising fuel and labor costs, the disposal of bark of even 70 per cent 
moisture should be considered as a means for economical production of steam rather 
than an incinerator problem. 

Ash Content. While the inherent ash content of bark is low (Table 5-15, 0.5 to 5.0 
per cent), the practice of dragging and floating the logs, particularly in northern 
forests, accumulates much mud and silt to add materially to the difficulties of burning. 

One of the major points to be considered in designing a furnace for the combined 
burning of coal and wood refuse is the effect of the fluxing action of the wood ash. 
The impurities in the ash, particularly if the logs have been stored in salt water, are 
likely to reduce the coal-fusion temperature to aggravate clinker and slagging diffi¬ 
culties. Where normal softening temperatures of the coal ash are low, this point can 
be critical. Table 5-15 includes analysis of various wood-bark ashes as complied by 
Babcock & Wilcox Co. 

Handling. Handling of wood bark is complicated when the bark is peeled from 
the logs in long ropelike strips. These should be cut up, or “hogged,"’ for proper 
combustion. 


Table 6-16. Typical Analyses of Wood Bark^ 



Douglas 

fir 

Cedar 

-- 

Lodge- 

pole 

pine 

White 

fir 

Hem¬ 

lock 

Spruce 

Hcd- 

Hood 

Salt-water storage . 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Proximate analysis; 







Volatile matter, per cent 

72 9 

73 0 

73 5 

74 3 

72 5 

69 6 

72 6 

Fixed carbon, per cent 

25 9 

21 9 

26 0 

24 0 i 

25 8 i 

26 6 1 

27 0 

Ash, per cent 

1 3 

5 1 

0 5 

1 7 

1 7 

3 8 

0 5 

Sulphur, per cent ... 

Trace 

Trace 

Trace 

Trace 

0 03 

0 1 

Trace 

Btu per lb (dry). 

9,570 

8,610 

9,310 

8,810 

9,090 

8,740 

8,350 

Ultimate analysis: 





Carbon, per cent. 

56 2 

51.0 

55.0 

52 2 

53 7 

51 8 

51 9 

Hydrogen, per cent 

5 9 

5 7 

5 8 

5 8 

5 7 

5 7 

5 1 

Os and N 2 (difference)... 

36 7 

38 2 

38 7 

40 3 

38 9 

38.6 

42.6 

Ash analysis: 






Silica, S 1 O 2 . 

13 9 

44.0 

12.2 

1.7 

1.5 

32 0 

14 3 

Iron as FeaOa.. ... 

4 4 

7 2 

5 6 

3 2 

3 6 

6 4 

3.5 

Titanium oxide, TiOz . . 

0 4 

0 8 

0 3 

0 0 

0 0 

0 8 

0.3 

Alumina, AI 2 O 3 . . 

8 7 

13 8 

8 7 

3 2 

1.7 

11 0 

4.0 

Manganese, Mno04 .... 

0 3 

0 1 

0 2 

3 9 

3 3 

1 5 

0.1 

Calcium oxide, CaO 

51 4 

13 9 

48 0 

60 8 

58 2 

25 3 

6 0 

Magnesium oxide, MgO 

3 2 

3 1 

1 8 

3 0 

4 4 

4 1 

6 6 

Sodium oxide, Na 20 

5 3 

1 6 6 

8 4 

10 4 

9 1 

10 4 

25,0 

Sulphate as SO.i . 

2 9 

3 1 

3 3 

3 0 

3 7 

2 1 

7 4 

Chloride, Cl ... 

0 4 

0 7 

0 4 

0 4 

1 4 

Trace 

18 4 

Carbonate, as CO 2 

7 3 

5 2 

9 1 

11 5 

11 8 

7 0 

14 0 

Unaccounted for 

1 8 

1 5 

2 0 

1 1 

1 3 

0 6 

0 4 


1 Compiled by Babcock & Wilcox Co., research and development dei)artment. 


BURNING WOOD BARK AND REFUSE IN COMBINATION WITH COAL 

AND SEPARATELY! 

A number of different means for burning wood bark in combination with coal have 
been employed with varying degrees of success. 


1 Abstracted from Harris, D. W., The Combination Firing of Coal and Wood Refuse. Paver Mill 
News, May 6, 1949, pp. 10-13. 
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Hand-firing. Premixed coal and hogged-wood fuel is frequently gravity-fed to 
grates through the roof of a Dutch oven in front of the boiler. Labor for mixing and 
firing the fuel and for cleaning the fires at least every ,8 hr constitutes the principal 
disadvantage. 

Underfeed Stokers. Another early method consisted in dropping the wood refuse 
on an underfeed-stoker fuel bed (coal) through chutes in the front wall of the furnace. 
Water-cooled stoker retorts are desirable to hold maintenance within reasonable 
limits. 

Pulverized-coal Furnaces. A Ilofft water-cooled step-grate type of furnace was 
located in a separate Dutch oven in front of a pulverized-coal-fired boiler, for the 
combination firing of pulverized coal and wood waste. Arrangements minimized the 
carry-over of wood ash to the boiler furnace. On the other pulverized installations, 
small quantities of wood have been burned merely by dropping them through the roof 
of the pulverized-coal furnace and admitting air through pinhole grates in the furnace 
floor. 

Spreader Stokers. The use of spreader stokers was tried in England at least 50 
years ago. Modern units with stationary, dumping, and traveling grates have all 
been extensively tried with wood-coal fuels. The wood has been fed both through the 
rotor with the coal and into the fuel stream from a chute located above the rotor; the 
latter is now preferred. 

Considerable success has been achieved with the spreader stoker on wood-coal fuels, 
but certain problems of feeding and burning dictate most careful attention to design 
details. Included are the tendency of the light bark to pile up at the forward end of 
the grate; the necessity for auxiliary air as an aid to satisfactory fuel distribution; and 
the aggravation of any tendency for the coal to clinker because of the fluxing effect 
of the wood ash. 

Burning Wood Bark Separately 

Burned without admixture with coal, wood bark is usually either fed through the 
roof of Dutch ovens where it burns in conical piles on flat grates or fed through open¬ 
ings of the front walls of Dutch ovens equipped with inclined grates, the fuel moving 
to the back of the grate as combustion progresses. The fuel bed is obviously more 
uniform in thickness when the inclined grate is used. 

Some Recent Developments in the Burning of Wet Wood^ 

The most widely available refuse fuel is some form of wet wood. In this discussion, 
wood containing above 30 per cent moisture, on the as-received basis, is considered as 
‘‘wet.” 

Wet wood is a large-quantity by-product to the manufacture of lumber, pulp, and 
the so-call(‘d “naval stores” such as pine pitch and resin. When used for steam 
generation, it falls into three broad classifications, each of which has its own combus¬ 
tion proVjlems: 

1. Sawmills in which much of this fuel is produced. Included are shavings, bark, 
sawdust, and other wood waste in various proportions. “Hogged fuel,” usually 
composed of chips with little or no sawdust and shavings, also falls into this class. 

2. Wet-wood refuse produced in the wood-preparation plants of pulp and paper 
mills is in the second class. Here the principal problem is the disposal of wet bark, 

3. Pine pitch, resin, and other products obtained from pine stumps which have been 
chipped, mixed with a solvent and steam-cooked in so-called “naval stores” plants 
constitute the third class. These plants are concentrated in the Southeastern part 

I DB Lobbmzi, Otto, Director of Education, Combustion Engineering-Superheater, Inc., Mech. Eng., 
September, 1949, pp. 736-738. 
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oi the United States. The spent ” wood chips, minus the recovered pitch and resin, 
Are available for steam production. 

Burning Lumber-mill Refuse 

Dutch-oven Furnaces. For lumber-mill installations the furnace most frequently 
used is of the two-stage type comprising a Dutch oven for drying and gasification and 
a secondary chamber in which the combustion of the gaseous products is completed. 
Inasmuch as wet-wood burning is largely a matter of surface combustion, the use of 
refractory arches and walls in the primary, or Dutch-oven, furnace is of considerable 
importance. Their function is to provide the maximum possible amount of radiant 
and reflected heat for maintaining gasification and preventing the fire from becoming 
extinguished, even though the overfeeding principle of continually supplying fresh 
fuel to the surface of the ignited cone-shaped pile is used. 

Dutch-oven installations are quite successful but have such disadvantages as fre¬ 
quent service interrui)tions such as for slag removal and refractory or grate renewals, 
and the necessity for continuous changes in regulation because of the largely non- 
controllable air and fuel supplies. 

Underfeed Method of Burning. De Ix)renzi^ describes an experimental underfeed- 
buming method, designed to overcome these objections. Wood is supplied to an 
underfeed retort by a reciprocating ram. The fuel is burned in a pile but, instead of 
being continually showered from above, is gradually forced upward through the pile. 
Automatic regulation can be applied. Some of de Lorenzi's^ data from this experi¬ 
mental installation are shown as Table 5-16. 

The objective is a single-stage furnace, with high combustion rates and efficient 
compact design. 


Table 6-16. Results with Underfeed Firing of Wet Wood^ 



Moisture, 
per cent 

CO 2 , 
per cent 

Lb/hr 

Lb/ 

sq ft/hr 

Southern pine. 

51 4 

17 5 

7,500 

117 

Southern pine . 

51 4 

17 0 

12,750 

200 

Spent pine chips. 

66 5 

16 0 

13,150 

206 

California redwood . 

54 0 

16 9 

11,200 

175 

California redwood . . 

50 9 

15 7 

10,930 

170 

California redwood ... . 

57 8 

18 8 

15,300 

240 

California redwood 

49 1 

17 3 

14,550 

227 

California redwood 

57 8 

15 6 

7,880 

123 


1 DB Lorbnzi, Otto, Some Recent Devolopmente in Burning Wet Wood, MecK Eng., September, 
1949, pp. 735-738. 


Burning Wet Bark^ 

De Lorenzi describes the two-stage Dutch-oven furnace as the best known way of 
burning excessively wet bark. Supplementary fuels are usually necessary to bridge 
gaps in the inconstant bark supply. 

One large Middle Western paper mill has installed generating units designed for wet- 
wood refuse and pulverized coal. The wood is burned in the Dutch oven, the coal in 
the secondary combustion chamber. 

In many Southern mills the sloping-grate furnace has been used for wet bark. Air 
supply is sectionalized to provide drying and burning zones. Supplementary oil fuel 
is sometimes used where the supply of wood is not continuously adequate. 

> DB Lorbnzi, Otto, Mech. Eng., September, 1949, pp. 735-738. 
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Newer installations have used spreader stokers with marked success. In these, 
improved sizing of the wood before use is usually necessary. High capacity, instant 
response to changes in steam demand, and adaptability, to automatic control char¬ 
acterize such units. Continuous combustion rates of 155 lb of wet wood or 700',000 
Btu/hr/sq ft of grate are reported by de lx)renzi (45 per cent moisture content wood). 
The single-stage furnace is usually water-cooled and the spreader unit, while located 
somewhat higher above the grate than for straight coal firing, is nevertheless well below 
the point at which products of combustion enter the boiler bank. Coal may be used as 
an auxiliary fuel. 

Burning Spent-wood Refuse from Naval Stores^ 

Spent-wood refuse from naval-stores plants has characteristics that are considerably 
different from woods just described. Spent-wood chips, having had the resin and 
pitch removed, arc devoid of the flashy burning characteristics of pine. 

The accepted furnace design is of the sloping-grate type, having relatively low 
capacity and requiring considerable manual labor for sand and char removal. Normal 
continuous capacity for furnace widths of 10 ft is from 30,000 to 40,000 lb of steam 
per hr with CO 2 of 10 to 12 per cent and volumes of black smoke continuously rolling 
from the stack. Ilesponse to changes in steam demand is extremely sluggish. 

De Ijorcnzi describes an experimental furnace designed to overcome such difficulties. 
A combination of special spreader-fuel feed; tangential jets in four alternate belts; a 
traveling grate; and a tall single-stage water-cooled furnace has been in very successful 
operation for over 2 years. 

The unit is described as operating continuously at a capacity of 100,000 to 120,000 
lb of steam per hr and a CO 2 of from 16 to 18 per cent with smoke of approximately 
No. 1 Ringelman density. This is obviously a material improvement over previous 
designs. 

TANBARK 

Tanbark is the fibrous portion of ground oak or hemlock bark used in tanning. 
Spent tan, as rejected by the tannery and available as a fuel, normally contains about 
65 per cent moisture. The dry-basis analysis is about as follows: 


Carbon, per cent. 51 80 

Hydrogen, per cent.... 6 04 

Oxygen, per cent. ... 40 74 

Ash, per cent. 1 42 

Btu (dry).9,500 


As is the case with other wood barks, partial drying before use can be accomplished 
by pressing or by waste-heat drying. Methods of burning, effect of moisture on 
reducing heat value, and other characteristics and procedures are as discussed for 
wood and barks elsewhere in this chapter. 

RESIDUE FROM TURPENTINE-EXTRACTION PROCESS* 

This fuel consists of yellow pine chips from which the resinous substance has been 
extracted. According to de Lorenzi, the pieces are uniformly sized, and are 1 to 1 
in. long, by to 3^^ in. thick. The fuel as burned contains about 35 per cent moisture. 
The following is a typical proximate analysis by weight on a dry basis: 


Volatile matter, per cent. 83 5 

Fixed carbon, per cent. 14 5 

Ash, per cent... .. 1.1 

Btu.9,180 

iJWd. 


2 DB Lobbnzi, Otto, ** Combustion Engineering,” pp. 2-48, Combustion Engineering Co., Ino., New 
York, 1947. 
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A corresponding ultimate analysis shows 52.3 per cent carbon, 6.25 per cent hydro¬ 
gen, 40.3 per cent oxygen plus nitrogen, 0.02 per cent sulphur. 

‘‘Combustion Engineering’* states that the fuel is burned in a Dutch-oven-type 
furnace on an inclined grate. 

CHARCOAL 

When carbonaceous materials are burned in a closed retort with insufficient air, 
the volatile is driven off and a residue of coke or charcoal is left. The term coke is 
usually reserved for residues from coal and petroleum products, while those from a 
wide variety of woody, agricultural, and animal products are known as charcoal. 
Such sources commonly include wood, coconut shells, bone, leather, rice hulls, etc. 
Charcoal intended for fuel and blast-furnace use is made from cordwood by low-tem¬ 
perature distillation in by-product retorts, in brick kilns, and formerly in heaps 
covered with earth called “mcilers.” 

Charcoal differs widely according to its source; in fact, the source can be readily 
identified under a microscope. Of the wood charcoals, that made from willow is the 
softest, and that made from oak is hard and close-grained. For blast-furnace use, 
hardwoods, such as maple and birch, make the best charcoal, although those from 
softer woods can be used. For gas masks, coconut-shell charcoal is by far the best, 
having an absorptive index ^ times that of the runner-up, logwood. The specific 
gravity of charcoal ranges from 1.3 to 1.9. 

Blast-furnace Use. From every angle, except cost and availability, charcoal is 
the ideal fuel for blast-furnace use. Its low combined carbon and high volatile make 
its reactivity greatest of all blast-furnace fuels. It produces the highest quality pig 
but requires the greatest amount of labor. It is the only fuel which can perpet\iate 
itself (reforestation every 15 to 20 years). The best blast-furnace charcoal is made 
when the trees are cut before the sap comes up and then stacked to dry. 

As a result of its adaptability, charcoal was the only blast-furnace fuel used in the 
United States until 1840. As late as 1905, the Algoma Steel Co., Sault Sainte Marie, 
Ontario, the largest charcoal blast furnace in the world, used a charcoal pile mile 
long every 24 hr. 

Sweetser^ lists the following advantages of charcoal over coke: 

1. The furnace consumes considerably less charcoal than coke per ton of pig iron. 

2. Only one-third as much limestone per ton of pig iron is required in a charcoal 
furnace. 

3. The amount of blast required for a charcoal furnace is only about 65 per cent of 
that for a coke furnace of the same productive capacity. 

4. The “critical temperature” in a charcoal furnace may be lower than in a coke 
furnace. 

As against such important advantages, the only disadvantages listed by Sweetser 
are the difficulty of obtaining a sufficient supply (a cordwood pile 1 mile long is 
required to make charcoal for 150 tons of pig iron), and the readiness with which 
charcoal catches fire (even in the upper part of the furnace, there is danger of trouble 
if the furnace makes a heavy slip when using dirty charcoal). 

Charcoal aa a Fuel. Charcoal has an average heating value of about 11,000 Btu. 
It ignites and burns easily and without smoke. It is thus an ideal fuel for certain 
uses such as small forges, grills, for starting small furnace fires, etc,, particularly in 
instances where the nature of the use limits the draft to a minimum. It is used some¬ 
what extensively in certain types of tobacco curing, as in Connecticut, where it is 
burned openly in small pits or pans for the few hours needed to start the curing process. 

1 SwBBTSBR, Ralph H., Charcoal and Coke as Blast Furnace Fuels, Trans. A8ME, vol. 39, 1909. 
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The principal disadvantage even for such specialized use is the very high present-day 
cost of charcoal. 

Charcoal for Other Uses. The original surface area of charcoal is enormous. It 
has been estimated by Lagergen that 1 g of charcoal has a surface of 4 sq miles and is 
composed of 1.4 billion particles; Lamb, Wilson, and Chaney estimate that 1 cc of 
active gas-mask charcoal has a surface of 1,000 sq miles at its most effective density 
of 0.4. This gives rise to a wide and important field of uses utilizing the absorptive 
and adsorptive properties of charcoal. Among these a few of the more important 
are as the active agent in gas masks; in a wide field of deodorizing; in removing color 
from liquids, as in the refining of sugar; in removing the rarer metals from their solu¬ 
tions; in eliminating tastes and odors from water; and as a pharmaceutical for absorb¬ 
ing unwanted or harmful alkaloids, toxins, poisons, and certain bacteria. 

Activation of Charcoal. The ability of natural charcoal to adsorb is greatly aug¬ 
mented by one of several processes of ^^activation.^^ These usually consist of some 
method of depositing carbon on a porous inorganic base such as pumice, and are 
accompanied by various trade names. 


Table 5-17. Typical Actual Analyses of Charcoals^ 

(In per cent) 


Source 

Moisture 

Volatile 

Fixed 

carbon 

Ash 

Sulphur 

Phos¬ 

phorus 

Maple, body wood .... 

0 27 

24 27 

71 53 

3.93 

0.037 

0.020 

Maple, small limbs 

0 14 

29 80 


6.11 

0 031 

0.030 

Maple, body wood, bottom of car 

0 82 

23 89 

74 02 

1.27 

0 034 

0 011 

Elm, body wood . 

0 73 

23 28 

75 84 

1 15 

0 030 

0.018 

Bircii, body wood, bottom of car 

0 98 

22 01 

77 04 

0 97 

0 045 

0 009 

Maple, bark. 

1 00 

25 59 

62.49 

10.92 


0.056 

Iron wood . 

0 58 

27 50 

70 33 

1 59 


0.015 

Fine charcoal dust. . . . 

20 35 

13 69 

54 77 

11 19 


0.078 


1 SwEETSER, Ralph H., “Blast Furnace Practice,” p. 116, McGraw-IIill Book Company, Inc., New 
York, 1938. 

Ash Analysis, A typical ash analysis, taken from a 2.9 per cent ash charcoal, is silica, 0.65 per 
cent; alumina plus ferric oxide, 0 60 per cent, calcium oxide, 1.15 per cent; magnesium oxide, 0.50 per 
cent; alkalies, 0 07 per cent; and phosphorus, 0 03 per cent. (Note that these figures are based on 
per cent of the original charcoal and not per cent of ash content). 

AGRICULTURAL PRODUCTS AND AGRICULTURAL WASTES 

AgricAiltural products, particularly those of low-grade and by-product otherwise 
waste materials, represent a tremendous potential source of fuel supply. This may 
assume one of three forms: (1) burning the product direct, as with woods, wood wastes, 
straw, corncobs, and bagasse; (2) fermenting the liquor and recovering alcohol, as with 
blackstrap molasses, potatoes, corn, and various vegetables and fruits, particularly 
surpluses and culls; and (3) recovering all possible alcohol from the fermented liquor 
and then burning the spent refuse, as with sugar cane and sulphite pulp. 

Difficulties encountered in the really widespread use of such materials usually are 
not technical, since both the extraction and combustion of most such products are well 
understood, but lie in their collection from some 7 million farms scattered over the 
country, in the location of a large percentage of the products at points where there is 
little need for any great production of heat or power, in rapid geographical shifts in 
the concentration of available materials as the maturing of crops follows the climate, 
and in the highly seasonal nature of production, which is usually greatest when the 
need for heat and power is least. 
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Table 6-18 shows the estimated quantities of the principal cellulose farm waste 
products in the United States and the probable quantities that would be available to 
industry. 


Table 6-18. Principal Farm Wastes Produced and Available to Industry^ 


Material 

Principal sources 

Total produc¬ 
tion, tons 

Probable tons 
available to 
industry per 
year 

Bagasse ... 

Fla., La., and U.S. insular possession.s 

1 

3,801,425 

2,740,000 

Corncobs 

Iowa, Ill., Ind., Mo., Neb., Ohio 

17,426,000 

5,275,000 

Cornstalks . 

Iowa, Ill., Ind., Mo., Neb., Ohio 

104,000,000 

64,166,000 

Cotton, bolls and stalks. 

Ala., Ark., Ga., La.,, Miss., N.C., 
Okla., S.C., Tex. 

20,450,000 

14,314,000 

Hulls: 




Oat ... 

Ill., Iowa, Minn., Wis. 

5,280 000 

321,475 

Rice . 

Ark., Calif., La., Tex. 

195,000 

189,282 

Seeds: 




Grape ... 

Cahf. 

79 258 

31,780 

Raisin ... 

Cahf. 

32,800 

24,500 

Shells and pits: 




Peanut shells 

Ala., Ga., N.C., Va., Tex. 

240,000 

75,000 

Peach pits 

Cahf , Ga. 

190,750 

46,200 

Apricot pits. 

Cahf. 

22,580 

19,200 

Straws: 




Barley 

Iowa, Minn., Neb., N.D., S.D., Wis. 

6,901,000 

5,176,000 

Flaxseed , 

Minn., Mont., N.D., S.D. 

1,671,000 

1,367,000 

Oat 

Ill., Iowa, Minn., Wis. 

22,883,000 

1,149,000 

Rice 

Ark , Cahf., La., Tex. 

1,169,000 

877,000 

Rye 

Minn., N D , S.D. 

2,797,300 

2,098,300 

Wheat . . 

Kans., Minn., N.D., S.D. 

49,954,000 

37,465,000 


1 Motor Fuels from Farm Products, U.8, Dept. Agr. Miac. Pub. 327, p. 110, 1938. 


BAGASSE 

Bagasse is the refuse from the grinding or extraction of sugar from cane. It rep¬ 
resents about 20 per cent of the weight of the original cane and is widely used as a fuel 
in sugar mills where large amounts of steam are required for power and to concentrate 
the raw sugar juice. 

Bagasse has a fibrous structure and analysis similar to that of wood. Its appear¬ 
ance is similar to that of excelsior. The ash content may vary considerably in pro¬ 
portion to the amount of soil and other foreign matter picked up during the harvesting 
of the cane. Although the normal ash content is not high to 3 per cent), slag¬ 
ging difficulties are frequently encountered because of the high fusibility of the silt 
component. 

The normal composition is about 35 to 45 per cent fiber, 7 to 10 per cent sucrose and 
other combustible material, and from 45 to 55 per cent moisture. Dry bagasse 
analyzes about 45 per cent carbon, 6 per cent hydrogen, 46 per cent oxygen, and from 
to 3 per cent ash. 

Heat Value of Bagasse. While dry bagasse will average from 8,000 to 9,000 Btu 
per lb, the moisture content of the raw material reduces the heat actually for steam 
generation to about half of this amount (see Table 5-19). Fortunately, this is seldom 
a problem, since the average sugar mill has more bagasse than is needed, and lowered 
efficiency is thus welcome as a means for disposing of otherwise troublesome waste. 

However, in poorly balanced mills, mills that refine their own sugar or distill alcohol 
or generate power in excess of that required in the mill, efficiency does become a 
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problem; in some cases of this sort, supplementary fuels, such as oil or gas, ai*e-burned 
in combination with the bagasse. 

Drying. With the exception of early practices, when bagasse was spread in fields to 
sun-dry in order to burn it in ways which would not have accommodated wet bagasse, 
the general conclusion has been that the most economical way to dry bagasse is in the 
furnace. Gilg^ points out that this may be changed to take advantage of the effi¬ 
ciency, simplicity, and flexibility of burning pulverized predried bagasse and oil in 
more conventional equipment. If so, he suggests water-cooled furnaces and circular 
turbulent burners using a minimum of excess air. 

High rates of combustion characterize the burning of bagasse. Four tests reported 
by Gilg^ were at rates of from 291 to 437 lb of bagasse per sq ft of grate per hr at 
efficiencies averaging 62.4 per cent. (According to “Combustion Engineering,” the 
most economical rate is 200 to 225 lb of dry bagasse per hr.) 

In brief, it is best burned in a pile and in large quantities. Ample high-temperature 
refractory surfaces are needed for prompt ignition. Combustion methods are similar 
to those for hogged fuel, in Dutch-oven-type furnaces on inclined grates, or in horse- 
shoe-shaped hearths. Fuel is fed through an opening in the roof of the furnace and 
burned in conical piles. 


Table 5-19. Fuel Value of Green Bagasse^ 


Per cent of 
extraction of 
weight of 
cane 

Moisture in bagasse, 
per cent 

Btu/lb available for i 
steam generation 

Lb of bagasse 
equivalent to 1 lb 
of 14,000-Btu coal 

a 

b 

a 

b 

a 

b 

75 

42 04 

51 00 

4,139 

3,294 

3 38 

4 25 

77 

39 22 

48 07 

4,475 

3,630 

3 13 

3 86 

79 

35 15 

44 52 

4,874 

3,976 

2 87 

2 52 

81 

30 21 

40 18 

5,359 

4,392 

2 61 

3 19 

83 

24 12 

35 00 

5,958 

5,005 

2 35 

2 80 

85 

16 20 

28 33 

6,716 

5,558 

2 08 

2 52 


1 Marks, Lionel S, “Mechanical EnKineers’ Handbook,’' 4th ed., p. 803, McGraw-Hill Book 
Company, Inc., Now York, 1941. 

“ Based upon tropical cane of 12 per cent fiber and juice containing 18 per cent of solid matter. 
^ Based upon Louisiana cane of 10 per cent fiber and juice containing 15 per cent of volatile matter. 


Table 5-20. Typical Analyses of Dry Bagasse^ 


Country of 
origin 

Ultimate analyses by weight, 
per cent 

Heat value, 
Btu/lb 

Air required 
(no excess air) 
lb/10,000 Btu 

CO 2 at zero 
excess air, 
per cent 

C 

H 

O 2 

Na 

Ash 

Higher 

Lower 

Cuba . 

43 2 

6.0 

47 9 


2 9 

7,985 

7,402 

6 25 

21.0 . 

Hawaii . 

46 2 

6 4 

45 9 


1 5 

8,160 

7,538 

6 87 

20.3 

Java .. . 

46 0 

6 6 

45 6 

6.18 

1 7 

8,861 

8,043 

6.51 

20.1 

Mexico.. 

47 3 

6 1 

35 3 


11 3 

9,140 

8,548 

6.67 

19.4 

Peru . 

49 0 

5 9 

43 4 


1 7 

8,380 

7,807 

6.99 

20 5 

Puerto Rico 

44,2 

6 3 

47.7 

0 41 

1 4 

8,386 

7,773 

6 25 

20.6 


IDE Lohbnzi, Otto, “Combustion Engineering/’ pp. 25-27, Combustion Engineering Co., Inc., 
New York, 1943. 


1 Gilo, F. X., Utilizing Bagasse as Fuel, ASME Tech. Paper 48-S-3, spring meeting. New Orleans, 
March, 1948. 
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‘‘Combustion Engineering” gives the following formula for computing the Btu per 
pound of bagasse from its analysis: 

Hf = 8,550 {FR) + 7,119 {SS) + 6,750 {GS) - 972 (H 2 O) 

where FR (fiber), SS (sucrose), GS (glucose), and H 2 O (moisture) are all in pounds 
per pound of fuel as fired. 

Combustion of Bagasse.^ Despite its high moisture content ,2 bagasse burns very 
easily on the surface of an incandescent pile in specially designed furnaces containing 
sufficient hot brickwork to drive off the moisture and having the correct facilities for 
introducing combustion air in proper quantities and direction. Like most other solid 
fuels, the more finely the bagasse is divided, the easier it is to burn. 


CJ baseplates under walls 



Fig. 5-2. General design of Ward furnace applied to modern Stirling boiler for burning 
bagasse. (F. X. GHq, ASME Paper 48-S3, 1948.) 


Early Furnace Designs, After the discovery that green bagasse would burn satis¬ 
factorily in a Dutch-oven type of furnace with natural-draft grates, numerous types 
and shapes of grates and furnaces were designed. The most successful types burned 
the bagasse on the surface of a pile aided by reflected heat from hot brickwork, air for 
combustion coming through the grates.® Forced draft was later added for higher 
capacity. Many of these earlier furnaces are still in use. 

Hearth Type, To overcome objectionable features arising from the clogging of 
grates, and to reduce the blow-over of excessive amounts of fuel, the hearth or grateless 

1 Gilg, F. X., loc, cit, 

* Moisture content usually varies between 45 and 55 per cent, depending on the type and efficiency 
of the squeezing equipment. 

» See Kbrr, E. W., Bagasse Furnaces, Trane, ASME, vol. 61, pp. 685-691, 1939, for a description of 
bagasse furnaces. 
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type of furnace was developed. Retaiilijig the essential feature of burning the 
bagasse on the top of a pile, air for combustion was admitted through tuyeres in the 
vertical walls surrounding the hearths. 

Horseshoe Furnace. The Cook, or horseshoe, furnace was arranged in multiple 
units under the boilers to minimize drop in steam pressure during cleaning. The 
horseshoe shape was chosen to facilitate cleaning through one door located at the front 
of each hearth. The horseshoe furnace remains the basis of most of the better 
designs of bagasse furnace. 

Ward Furnace. Today, the Ward single-pass furnace or a modification of the 
original is accepted as standard for the combustion of bagasse. The principal fea¬ 
tures of this furnace are the elimination of costly arches over Dutch ovens, a reduced 
amount of costly brickwork, and the absence of grates and their maintenance. From 
an operating standpoint, the furnaces can be fired continuously because the refuse 


Table 5-21. Integral-furnace Boiler-burning Bagasse^ 

(Test results and heat balances) 


Rate of steam flow. . . 

A 

B 

C 

D 

Steam flow, Ib/hr .. . 

56,.500 

70,400 

75,600 

86,500 

Bagasse, Ib/hr. . 

27,500 

33,000 

35,000 

41,300 

Bagasse, Ib/sq ft/hr . 

291 

349 

370 

437 

CO 2 at air-heater outlet, per cent . 

10 5 

12 0 

12 7 

13.2 

Temperature at air-heater outlet, deg F . 

505 

520 

516 

530 

Draft at boiler outlet, in. HaO 

1 9 

2 1 

2 3 

3.1 

Draft at air-heater outlet, in. II 2 O . . 

5 2 

5 8 

6 3 

8.2 

Pressure in windbox, in. U 2 O. 

1 7 

2 5 

3 1 

3 7 

Refuse in stack discharge, Ib/hr . 

155 

272 

392 

733 

Refuse in stack discharge, per cent of fuel . 

0 564 

0 824 

1.120 

1 173 

Combustible content, refuse, per cent 

40 5 

24 0 

31 9 

26.7 

Loss to refuse, per cent. 

0 9 

0 7 

1.0 

1.8 

Heat balance: 





Efficiency of unit, per cent . . 

60 6 

63.0 

63.7 

62.2 

Loss, dry products combustion, per cent 

13 3 

11 3 

10 5 

11.0 

Loss, water in fuel, and air, jier cent 

23 9 

24 0 

23 9 

24 2 

Loss, unburned comluistible, per cent 

0 9 

0 7 

1 0 

1 8 

Loss, CO in flue gases, per cent . 

0 0 

0 0 

0 0 

0 0 

Loss, radiation, per cent . 

1.3 

1 0 

0.9 

0 8 


Proximate anai^ysis: Moisture, 52.25 per cent; volatile, 40.2 per cent; fixed carbon, 5.9 per cent; 
ash, 1.65 per cent, Btu, 3,900 per lb. 

1 Gilq, F. X., Utilizing Bagasse as Fuel, ASMS Tech. Paper 48-S-3, spring meeting, New Orleans, 
March, 1948. 

can be removed while the boiler is in service; there is no slag in the combustion cham¬ 
ber and the labor and delay for its removal are therefore saved. 

Figure 5-2 shows the general shape of the Ward furnace as applied to a modem 
Stirling boiler. There is usually some carry-over of burning embers into the boiler 
passes at high rates. These can be collected in hoppers for periodic removal or 
mechanical return. Babcock & Wilcox^ has also designed a furnace adding secondary 
pinhole grate surface behind the Ward-type furnace for the collection and final burn¬ 
ing of carry-over. 

Operating Procedure. Bagasse is dropped on the hearth of Ward furnaces through 
a chute in the front wall, forming a conical pile about 5 ft high. Hot air for combus¬ 
tion is forced horizontally into the base of the pile from air slots in a base plate com¬ 
pletely surrounding the hearths, which may be 5 ft wide and 7 ft long and have 
rounded corners. Air for combustion is also forced into the pile higher up through 
three rows of tuyeres. The feed of bagasse is continuous, falling on a pile in each 

1 Gilo, F. X., loc. cit. 
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hearth, igniting from the reflected heat o# the brickwork. The bagasse bums vig¬ 
orously on the surface of the piles. 

Operating Results. In the older style plants, efficiencies generally range from 50 
to 60 per cent with “radiation and unaccounted^^ losses as high as 20 per cent. The 
moisture and hydrogen loss is usually in the order of 20 to 25 per cent. Radiation 
was high because of the low rating per unit area of brickwork with natural draft, 
particularly. Low boiler efficiency, resulting from burning wet bagasse, does not 
present a problem where the plant has more bagasse than is needed, as, on the other 
hand, an excess of bagasse would present a problem. 

However, where the sugar mill refines its own Sugar, distills alcohol, or needs fuel 
for other purposes, higher efficiencies may be desirable. In such instances, the need 
will be met by such modern integral-furnace boiler design as that of Babcock & Wilcox, 
as described by Gilg.^ As is shown in Table 5-21, efficiencies with such a unit are 60 
to 64 per cent even while burning fuel with a moisture content of 52.25 per cent. 

STRAW 

A typical analysis of straw, which is sometimes burned as a fuel, is as follows: 


Carbon, per cent 

36 

00 

Hydrogen, per cent 

5 

00 

Oxygen, per cent . 

38 

00 

Nitrogen, per cent 

0 

50 

Moisture, per cent 

15 

75 

Ash, per cent . . 

4 

75 

Heat value, Btu... 

5,400 


UjOc. cit. 
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METHODS OF MAKING COKE* 


Coke is the fused, cellular, porous structure that remains after free moisture and 
the major portion of the volatile matter have been distilled from bituminous coal and 
other carbonaceous material by the application of heat in the absence of air or the 
presence of a limited supply. 

When coking coal is heated at a uniformly increasing temperature, free moisture is 
driven off first, followed by combined moisture and carbon dioxide resulting from the 
decomposition of the more unstable groups of the coal itself. Between 300 and 440°C, 
the coal begins to soften. As the temperature continues to rise, plasticity reaches a 
maximum and then decreases until the plastic mass becomes rigid again. Volatile 
products are actively evolved during the plastic stage, causing more or less swelling 
of the mass, ultimately resulting in the cellular porous structure of the coke. Final 
rigidity is attained at between 450 and 500°C, after which the character of the coke 
continues to change owing to further devolatilization and to shrinkage. 

Upon the basis of carbonization temperature, coke falls into three broad classes as 
follows: 

1. High-temperature coke^ carbonized at temperatures ranging from 900 to 1200°C, 
generally at 1100°C. During high-temperature carbonization, the volatile products 
undergo secondary decomposition, yielding a relatively larg(i quantity of gas having 
a low heating value, a minimum of tar, and a coke residue containing a graphitic form 
of carbon. 

2. Low-temperature coke, carbonized at temperatures below 750®C, generally between 
500 and 000®C. During low-temperature carbonization, the secondary decomposi¬ 
tion of the volatile matter is at a minimum, yielding a relatively small quantity of gas 
having a high heating value, a maximum of tar, and a coke residue consisting of an 
active form of carbon. 

3. Medium-temperaiure cokcy carbonized at temperatures ranging between 750 and 
900°C, generally at 850°C. During medium-temperature carbonization some second¬ 
ary decomposition of the volatile products occurs. The yield and character of the 
tar and coked residue fall between those of high- and low-temperature carbonization. 

High-temperature coke may be produced in beehive ovens, slot-type ovens, sole- 
heated ovens, and a variety of retorts. 

Beehive coke ovens are hemispherical structures built of firebrick. Approximately 
12 ft in diameter and 8 ft high, they frequently are built in long double rows with as 
many as 100 ovens in a row. Each oven carbonizes a charge of 5 to 6 tons in 48 to 72 
hr. Provisions are made for charging coal through a hole in the top, and the coal is 
leveled off to a depth of about 2 ft through a door in the front. This door also serves 
for admitting air and removing the coke. Combustion takes place largely above the 
fuel bed, and the products of combustion are vented through the top. The coking 
action is downward. As few beehive ovens arc equipped for recovering volatile prod¬ 
ucts, all the volatile chemical products are lost. 

1 By L. L. Nbwman, Gas Engineer, U.S. Bureau of Mines, Washington, D.C. References used by 
Newman in compiling r^sum6: “Chemistry of Coal Utilization,” Vol. 1, Lowry, H. H., Editor, Chap. 
21, Industrial Coal Carbonization, by Fred Denig, pp. 774-833, John Wiley & Sons, Inc., New York, 
1945. Gentry, Frank M., “The Technology of Low-temperature Carbonization,” The Williams & 
Wilkins Company, Baltimore, 1928. “Low-temperature Carbonization of Utah Coals,” Report of 
the Utah Conservation and Research Foundation to the Governor and State Legislature of Utah, May, 
1949. Russell, Charles C., The Selection of Coals for the Manufacture of Coke, AO A, Proc., 1947, 
pp. 733-756. t Savage, Philip S., Production of Metallurgical Coke and Resultant Coal Chemicals, 
Sted, vol. 124, Part I, No. 18, pp. 94-104; May 2, 1949, Part II, No. 19, pp. 117-132, May 9, 1949; 
Pkrt III, No. 20, pp. 102-114, May 16, 1949. 
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In modem slot-type ovens or retorts the chemicals are recovered. Slot-type ovens 
are long, narrow, rectangular chambers 35 to 45 ft long, 12 to 18 ft high, and 14 to 18 
in. wide, with a horizontal taper of about 3 in. They c^an carbonize a charge of 15 to 
20 tons of coal in 14 to 18 hr. The ovens are built in batteries of 25 to 75, with walls* 
of silica brick and vertical heating flues between them. Coal is charged from the top, 
and coke is discharged at the wide end of the oven by means of a pusher acting at the 
narrow end. Slot ovens constructed by different builders vary principally in the 
design of the heating flues and the methods of supplying the fuel and recovering 
waste heat. 

Sole-heated ovens, originally developed for coking petroleum residues, are built in 
batteries of arched rectangular firebrick chambers, about 30 ft long and 73^ ft wide, 
4 ft high at the top of the arch, and 2 ft high at the sides. Coal is charged through 
holes in the top, and coke is removed through openings at the ends. Heat is applied 
through flues underneath the silica-brick floor of the oven. A charge of about 5 tons 
of coal leveled off at a depth of about 12 in. is normally carbonized in 8 hr. 

Retorts may be horizontal, inclined, or vertical. Early retorts were built of cast 
iron, but modern ones are usually of silica or firebrick. 

Horizontal retorts and inclined retorts have a semicyclindrical or D-shaped cross 
section varying from 14 by 24 to 16 by 28 in. and are set in benches of 6 to 12. Stop- 
end retorts (horizontal only) have one end permanently closed, and the charge of coal 
is admitted and the coke removed through the opening at the other end. Stop-end 
retorts are 10 to 12 ft long and carbonize a charge of 250 to 400 lb of coal in 4 to 6 hr. 
Through retorts, having openings at both ends, vary from 11 to 22 ft in length and 
carbonize charges of 400 to 1,000 lb in 4 to 12 hr. 

Vertical retorts are usually 25 ft high with rectangular or elliptical cross sections 
ranging from 33 by 10 to 103 by 10 in., with enough taper to permit free removal of 
coke. Intermittent vertical retorts carbonize 2,000 to 2,400 lb of coal in about 12 hr. 
Coal from an overhead bin is fed into continuous vertical retorts through openings at 
the top, and coke is extracted continuously at the bottom. To increase the gas yield, 
a controlled amount of steam is introduced at the base of the retort. The steam 
reacts with the coke to produce water gas. Steaming reduces the yield and quality of 
the coke in direct proportion to the amount of steam admitted. 

Medium-temperature coke is produced in coke ovens similar in design to high- 
temperature slot-type ovens, but with narrower chambers. No medium-tempera¬ 
ture ovens have been reported operating in the United States, but several batteries 
have been installed in Europe. 

Low-temperature coke may be produced in a variety of types and designs of retort. 
Low-temperature carbonization plants may be heated internally or externally or by a 
combination of both. When heated internally, the carrier fluid may consist of hot 
gases or superheated steam. The retorts may be of metal or refractory material, and 
they may operate intermittently or continuously. The most successful commercial 
low-temperat\ire plant operating in the United States iises the Disco process, a modi¬ 
fication of the Wisner process. In this process the coal is heated to 3l5°C in roasters 
and partly oxidized. It is then mixed with a definite proportion of breeze and car¬ 
bonized in inclined rotating steel cylinders heated externally. Coke in the form of 
rough spheres is removed at the lower end of the cylinder. 

On the basis of use, coke may be classed as blast-furnace, foundry, water-gas, gas- 
producer, or domestic. 

Blast-furnace coke should have mechanical strength to support the burden in the 
blast furnace. It should have a uniform size and be free from breeze and therefore 
should be hard enough to resist degradation in the course of rough handling. Gen¬ 
erally it should be unifonn in physical and chemical composition. The consensus 
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among blast-furnace operators is that uniformity of quality is more important than 
the ash, sulphur, and phosphorus content, although these should preferably be as low 
as possible. 

. Foundry coke should be dense, blocky, and fairly large, with low ash, sulphur, and 
phosphorus content. It must be strong enough to support the burden and resist the 
abrasion of the pig iron and scrap in the cupola. 

Water-gas coke is preferred 2 to 4 in. in size. It should be strong enough to permit 
handling with a minimum of degradation, for breeze in the generator is objectionable. 
It should be low in ash content, with a lower limit of 2400°F in ash-fusion temperature 
for proper control of clinker. 

Gas-producer coke is generally smaller than water-gas coke. It should be free 
from bieeze and closely sized. 

Domestic coke should have a low ash content, high ash-fusion temperature, and 
high density. It should be carefully sized and dustproofed before delivery to the 
consumer. 

The principal sources of blast-furnace, foundry, water-gas, gas-producer, and 
domestic coke in the United States are slot-type ovens. Beehive ovens are pressed 
into service during periods of peak demand for metallurgical coke. Retort coke is 
used for water-gas production, principally where high-capacity operation is not the 
prime consideration. Retort coke also is used as domestic fuel. 

Outside the United States, where central heating is less prevalent, the general pref¬ 
erence has been for more active fuels for domestic heating. Frequently coupled with 
a lack of suitable high-temperature coking coal, this resulted in the development of a 
variety of low-temperature carbonization processes. The coke or char has a higher 
content of volatile matter and is more easily ignited but nevertheless burns smoke¬ 
lessly. Several medium-temperature carbonization plants operating in Europe supply 
a product intermediate in quality between high- and low-temperature coke, which 
also is desirable as a smokeless fuel. The medium-temperature plants, however, 
require coking coal for proper operation, 

COKE FROM COALi 

Historical. Coke has been known to mankind for more than 2,000 years and was 
used to a limited degree through the Middle Ages. It was not until the sixteenth 
century, however, that much reference to coke production is found. At that time, 
coal was coked in piles covered over with dirt, wet straw or leaves, or wet coke breeze. 
Flues were formed in the pile by large lumps of coal or by withdrawing wooden posts 
around which the coal had been piled. Coke yield was about 33 per cent of the coal 
carbonized. Later, a permanent refractory chimney was used in the center of the pile. 

Gradually, brick walls were used to confine the pile, and air ports and chimney 
flues were built into the walls. The top of the coal was covered with fine wet coke or 
dirt. Coking time was about 8 days, and 2 more days were necessary for cooling 
before drawing the coke by hand. The coke yield gradually increased to about 65 
per cent of the coal carbonized. 

From this, the beehive oven was developed, which was essentially a refractory 
container in which the coking pile was placed. Until 1893, all coke in the United 
States was made in beehive ovens. At that time, recognition of the tiemendous 
waste of valuable by-products in beehive coking led to the development of the now 
dominant by-product oven. However, as their progress was slow, beehive-coke pro¬ 
duction continued to increase until 1916, when 35,464,000 tons, representing 65 per 
cent of the total United States production, were so made. Since 1916, oven coke 

* Ess, T. J., The Modem Coke Plant, Iron Steel Engr., 1948. 



Table 6-1. 1938 and 1940 to 1946 World Production of Coke^ 

(In metric tons) 


COKE FROM COAL t33 
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(by-product) capacities increased until, as of Dec. 31, 1946, they represented 87.5 
per cent of the total coke-from-coal capacity of the United States. 


Table 6-2. Production of Coke in the United States by Types of Equiplfient 

Used,^ 1946 


Type of coke 

Ovens in 
existence 
Dec. 31, 
1946 

Oven capacity 
Dec. 31, 1946 

Actual produc¬ 
tion, 1946 

Oven (by-product) coke" . 

14,494 

71,112,600 

53,929,447 

Beehive coke 

32,864i> 

8,427,000 

4,568,401 

Subtotals .. . 

27,358 

79,5.39,600 

58,497,848 

Retort coke: 




Horizontal retorts 

1,5.59 

652,100 

278,170 

Vertical retorts and gas ovens 

589 

9.56,400 

475,165 

Subtotals . 

2,148 

1,608,.500 

753,335 

Medium- and low-temperature cokes . 

31 

190,100 

131.194 

Subtotal, cokes from coal 


81,338,200 

59,382,377 

Petroleum residuals: 



Petroleum coke . 

Coal-tar-i)itch coke. . 



2,124,200 

92,000 


* “Minerals Yearbook," U.S. Bureau of Mines, Preprint, 1946. 

« Oven coke, produced in vcrtical-slot hiKh-teiuperature ovens, was formerly called by-product coke. 

* Located in 68 plants, principally in Pennsylvania. 

CARBONIZATION OF COAL^ 

Warner' has made the following valuable deductions outlining the evolution of the 
volatile matter in coal: 

1. If the removal of volatile matter from coking coal were the only consideration, the 
high heats commonly used in carbonization are unnecessary; i.e., practically all the volatile 
matter in coal could bo driven off below l()50®r (566°r), but the necessary conditions for 
accomplishing this (prolonged slow heating, for example) destroy the coking properties. 
The reasons for high temperatures lie in the necessity for producing a special type of solid 
residue and for completing carbonization within a reasonable time. 

2. Although the thermal decomposition of tar and other materials in the oven or retort 
increases the gas yield, the increase in gas is far from being proportional to the degree of 
decomposition, .since carbon is one of the main products of such a decomposition. 

3. The less the cracking and the more the distillation of condensable hydrocarbons 
occurs the less will be the intensity of heat required to drive off the volatile matter of coal. 
Irt other words, considerable heat is absorbed by cracking reactions, and if this heat could 
be conserved it would be possible to decrease the amount of heat required for carbonization. 

• 4. The less the heat through which the 

noncondonsable hydrocarbons must pa,ss 
in leaving the oven or retort the richer will 
be the gases. In other words, the reactions 
of thermal decomposition or cracking speed 
up markedly at high temperatures, and 
therefore the lower the temperature or the 
shorter the time of contact between these 
hydrocarbons and hot coke or the heated 
oven walls the less will be the cracking. 
High temperatures and long time of contact 
in practice are also responsible for trouble¬ 
some naphthalene deposits. However, a 
very small amount of carbon deposited from 
the thermal decomposition of the gases 
sometimes will increase greatly the strength and density of the resultant coke residue. 

The application of these simple fundamental considerations has a marked effect on 
the various factors in the products of coking. 

1 Wabnbr, a, W., AOA, Proc., vol. 5, p. 928, 1923. 


Table 6-3. T3rpical Production from 1 
Ton of Coal' 

(In by-product coke practice) 


Furnace coke, lb. 1,200-1,300 

Nut coke, lb. 100-200 

Coke breeze, lb. 80-150 

Coke-oven gas, cu ft . 9,900-11,500 

Tar, gal . 8-12 

Ammonium sulphate, lb. 20-28 

Liquor, gal . 12-35 

Light oils, gal ... . 2^-4 


Note: These yields depend to a great degree 
on the coal used, the coking temperature, and the 
method of recovery. 

1 Iron Steel Engr. 
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Differences between High- and Low-temperature Carbonization*^ High-tem¬ 
perature carbonization is usually carried out with a final temperature of the coked 
charge of from 1800 to 2100°F (982 to 1149®C). In low-temperature carboniza^tion, 
on the other hand, the maximum temperatures to which the charge is subjected in 
most instances are from 1000 to 1400®F (538 to 700°C), and many of the features of 
the process are different from those obtaining in high-temperature carbonization. 

In the first place, with low wall temperatures employed in low-temperature carboni¬ 
zation, the rate of heat transfer is very slow, and the cementing materials present in 
the coal are distilled off, leaving a relatively noncoherent granular coke. The low 
rate of heat transfer also necessitates either a very thin coal charge, agitation of the 
coking mass, or contact with hot gases in order to obtain reasonable capacity from the 
retorts. Oversized retorts must be provided, since there is considerable tendency for 
swelling. 

In low-temperature carbonization, the volatile hydrocarbons distilled out of the 
coal are not subjected to high temperatures in passing through the coke or up along 
the retort walls, and consequently they arc decomposed thermally only to a very small 
extent. The products of carbonization, as shown by Table 6-4, differ markedly from 

Table 6-4. Comparison of Products from High- and Low-temperature Carbonization > 


Product 

High-temp 

carbonization 

Low-temp 
carbonization 

Coke: 



Lb/100 lb coal 

65-70 

75-80 

Per cent volatile matter 

1-3 

7-15 

Gas: 



Cu ft/ton 

10,000-13,000 

4,000-6,000 

Btu/eu ft 

530-600 

700-900 

Light oil and tar, gal/ton 

10 17 

20-40 

Ammonium bulphate, Ib/ton 

24-26 

12-15 


1 Hast.am, Robert T., and Robert P. Russell, ‘‘Fuels and Their Combustion,” McGraw*Hi]l 
Book Company, Inc., New York, 1925. 

those obtained at higher tcmiieratures, not only in quantity but in quality as well. 
The coked residue from low-temperature processes, representing from 75 to 80 per 
cent of the coal charged, is friable and porous, and contains from 7 to 15 per cent 
volatile matter. Such coke ignites easily, however, and burns without smoke. The 
gas yield is low, only from 4,000 to 6,000 cu ft per ton of coal carbonized, but, owing 
to the small degree of thermal decomposition of the hydrocarbons, it is of much higher 
heating value than ordinary coal gas. Although ammonia production is less, high 
yields of tar and liquid fuels are obtained; these differ greatly in composition from the 
products of high-temperature carbonization and consist largely of phenols and par¬ 
affin hydrocarbons. 

TYPES OF COKE2 
Beehive Coke 

The modem beehive oven is essentially hemispherical in shape, approximately 12 ft 
in diameter and 8 ft high. It is built of highly refractory brick, covered over with 
loam. An opening in the top of the oven permits the charging of coal and the escape 
of waste gases, while a door is left at the bottom of the oven for watering and drawing 
the coke, and for admitting air for combustion. 

1 Haslam, Robert T., and Robert P. Russell, “Fuels and Their Combustion,” p. 667, McGraw- 
Hill Book Company, Inc., New York, 1925. 

» Ess, T. J., Iron Steel Enqr., pp. C3-C5. 
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Mechanization of beehive ovens in some cases may include a charging car running 
along the tops of the ovens, a drawer or pusher car running along one side of the ovens, 
and a car-loading conveyor along the other side of the ovens. 

Reclamation of some of the gases driven off is practiced in some plants. One 
method is to gather the gases in a common flue for use under boilers; in other instances, 
the expelled gas is burned in flues under tlic oven floor to provide heat for the coking 
process. 

Operation of Beehive Ovens. ^ When the beehive oven is hot and ready for charg¬ 
ing, coal is charged and leveled to a depth of 2 to ft, and the door is bricked up 
almost to the top. The charging reduces ovcn-wall-surface temperature to some 600 
to 700°F, but heat stored in the brickwork soaks in, and the temperature gradually 
rises. 

As heat from the oven brickwork reaches the coal, the volatile matter begins to 
distill off and soon ignites (at about 3200°F), burning with the air brought in through 



Fig. 6-1. Cross section through a mechanized beehive coke oven, showing charging car, 
pusher, and car-loading conveyor. {Eb 8, Iron and Steel Engineer, 1948.) 

the door. The volume of volatile matter driven off gradually increases, holds steady 
for awhile, and then drops off. The opening at the top of the door must be gradually 
closed as the volatile decreases, in order to regulate combustion and maintain oven 
temperatures at a maximum of 2000 to 2200°F. Too much or too little air lowers the 
temperature. The correct amount is 0.8 to 0.9 of the quantity required for complete 
combustion of the gas driven off. Gas leaving the oven should contain 2 to 4 per cent 
carbon monoxide and less than 1 per cent oxygen. 

Coking time depends principally on the depth of the coal, with coking proceeding 
from the top of the coal downward. A depth of about in. is coked per hour, so 
that coking time is usually 48 to 72 hr. 

When evolution of volatile matter stops, as is shown by subsidence of smoke issuing 
from the oven top, the coke is sprayed with watei and removed from the oven. During 
quenching, oven-wall temperature is reduced to 800 to 900°F. 

Coke yield is about 65 per cent of the coal charged. Beehive ovens will coke 2 to 
lb of coal per hr per sq ft of oven-floor area. 

Beehive coke is silvery gray in color and has a long columnar structure. 

By-product Coke* 

Practically all the by-product coke ovens now operating in the United States are 
of the vertical-slot type. The individual ovens are rectangular chambers 30 to 45 ft 

^Ebb, T. J. Iron Sted Engr., pp. C3—C6. 

* Ebb, E. J., Iron Steel Engr*, pp. C9-C12. 
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long, 6 to 15 ft high, and 14 to 22 in. wide. The trend has been toward high ovens so 
as to obtain greater capacity with minimum costs of construction and operation. 

The smaller 14-in. oven, with its lower coking time, is used in a few cases wh<^re it 
might possibly benefit coke quality from inferior coals by reducing overcoking. 

The width of ovens tapers off 2)^ to 4 in. from coke side to pusher side according 
to the characteristics of the coal to be coked. The greater tapers are used with coals 
of marked expanding tendencies. 

In the roof of each oven are three or four charging holes 14 to 16 in. in diameter, 
normally closed with a cast-iron frame and cover. The oven roof also carries, at 


^ ^Coke ovens 



Fig. 6-2. Plan view of by-product coke-oven battery, showing coke being pushed from 
vertical slot retort (top to bottom of figure). Small squares at sides of coke retorts are 
heating flues. 

either one or both ends, an offtake about 14 in. in diameter which leads to the ascen¬ 
sion pipe, which in turn connects into the connecting main. 

The ends of the ovens arc closed by refractory-lined doors of welded-steel and casti 
iron construction. In the older plants, these doors and door frames were designed 
with a recess so that they could be luted with clay to make a tight closure. More 
recently, self-sealing doors have been adopted wherein a flexible steel plate carrying a 
sealing edge is incorporated in the door so that it will conform to irregularities in the 
door jamb. Each door is held in place by latch bars and has guides and hooks for 
lifting it. The doors on the pusher side have a leveler door to permit entry of the 
leveling bar. 
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Ovens are grouped side by side, on centers of to 4 ft, to comprise a battery which 
may contain as many as 87 ovens. In each wall between adjacent ovens are some 28 
or 29 vertical heating flues on centers of 15 to 18 in. These flues are approximately 
10 by 16 in. and extend to almost the entire height of the oven chamber. The walls 
separating the oven chamber from the heating flues are 4 to 6 in. thick, with tongue- 
and-groove joints to prevent leakage. Thus each row of flues serves to heat two 
adjacent ovens, except at the end of the battery. Inspection holes are provided for 
observation of heat distribution. 

Beneath the oven chamber and heating flues are regenerator chambers containing 
checkerwork which reclaims heat from the outgoing waste gases and, upon reversal, 
gives up heat to the incoming combustion air. If a lean flue gas (blast-furnace or 
producer gas) is used to heat the ovens, it is also preheated in the regenerators, in 
order to obtain the necessary flame temperature for rapid schedules. In such cases, 
the regenerative system must be designed to permit preheating of both air and gas. 
Checkerwork is usually made up of slotted fire clay shapes, with 5^-to IJ^^-in. flues and 
walls 5^ to 1 in. thick. These shapes are piled to a height of 5 or 6 ft. For each oven, 
the checkerwork provides 10,000 to 11,000 sq ft of heating surface and about 35,000 
to 50,000 lb of regenerative material. The arrangement of oven-heating flues and 
regenerators and the path of gas flow through them vary somewhat with the designs 
of the various builders. 

Oven Manufacturers. About 97 per cent of the total coking capacity in the country 
is supplied by the four basic designs of Koppers, Koppers-Becker, Wilputte, and 
Semet-Solvay. 

The Koppers oven is a double-divided design, wherein all vertical heating flues in 
each wall connect at the top into a single horizontal flue. The regenerator chambers 
beneath the ovens are divided into halves. The ovens are heated by burning gas in 
the vertical flues, the gases flowing upward in the flues in one-half of the oven wall, 
through the horizontal flue, and down through the vertical flues in the other end of 
the wall. This flow is reversed regularly. 

In the Koppers-Becker design, the gases from four to six vertical flues are gathered 
into a short flue and led through a crossover flue of inverted U shape over the top of 
every other oven and down through four to six vertical flues on the other side. Thus 
each set of four to six vertical flues is separated from each other set. There may be 
five to eight of these sets across the length of the oven. This flow is reversed regularly. 

The Wilputte oven is a four-divided design. It uses the same flow principles as the 
Koppers design, except that the horizontal flue is divided in half so that there are four 
zones instead of two. Gas flows in the two outer zones in the same direction, with 
opposite flow in the two inner zones. The flows are periodically reversed. 

Most of the Semet-Solvay installations have oven batteries employing horizontal 
heating flues, wherein gas is introduced at one end and waste gas drawn off at the other 
end, with periodical reversal of flow. Several batteries, however, have been con¬ 
structed with vertical flues. These are four-divided designs but differ from upflow 
zones, and the two downflow zones are placed alternately across the length of the 
oven wall. 

General Operation and Restilts. Ovens are usually charged with coal to a level of 
12 to 14 in. from the oven roof, thus filling 91 to 92 per cent of the total oven volume. 
Modem units will therefore hold 700 to 750 cu ft of coal, which, at a normal bulk 
density of 50 lb per cu ft, equals 17.5 to 18.8 net tons of coal per oven, or a coke produc¬ 
tion of 13 to 14 tons per oven per charge. 

Coking time depends on the width of the oven, temperature of oven walls, kind of 
coal, and the fineness and moisture content of the coal. In general, ovens are designed 
for a standard coking velocity of 1 in. per hr (coking velocity — oven width in inches 
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coking time in hours). In practice, coking velocities of 1.2 in, per hr or even 
higher are often used. Actually, with wall temperatures equal, a narrow oyen will 
operate on a proportionately shorter coking time than a wide oven. For example, 
with equal temperatures, a 14-in. oven will operate on a coking time of about 56'per 
cent of that of a 20-in. oven. To coke coal in the two ovens at the same velocity, the 
wider oven must have a higher wall temperature. 

Gross coking time is the time elapsed between two successive pushings of the same 
oven, while net coking time is the time of actual coking, usually amounting to about 
96 per cent of the gross time. 



Fig. 6-3. Temperature distribution in coal charge at various stages of the coking cycle. 
(Bss, Iron and Sted Engineer^ 1948.) 

The capacity of an oven may range from 2 to 23^^ lb of coal coked per hr per sq ft of 
coal-covered wall area, the narrower ovens running to the higher values. 

A modern oven under normal operation will produce about 0.75 ton of coke per hr. 

Charging and Pushing Schedule. An important factor in coke-oven operation is 
the cycle of charging and pushing the ovens. It is generally agreed that the adjacent 
ovens on both sides of the oven being pushed should be as close as possible to the same 
age or degree of coking. To this end, various pushing schedules have been devised, 
some of which become rather complicated and some of which have even been patented. 

In most schedules, the ovens of a battery (or in some cases, two or three batteries) 
are divided into a number of groups, each group usually consisting of 5, 7, or 9 con¬ 
secutive ovens. The number of such groups in a battery is, of course, the total num¬ 
ber of ovens divided by the number in each group. Pushing then proceeds on the 
first oven in each group, then on the third in each group, then the fifth, and so on 
through the odd numbers. When the odd numbers in each group have been covered, 
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the second in each group is pushed, followed by the ensuing even numbers. The ‘‘9 ” 
series shows the smallest difference in age of adjacent ovens, and this series is thus 
probably in widest use. 

Several schedules include a short idle period for each oven after pushing to permit 
decarbonizing of oven walls. This is particularly important with coals of high volatile 
content. 

Heating By-product Coke Ovens^ 

By-product coke ovens are heated by burning fuel gas in vertical heating flues 
adjacent to the coal-containing ovens or slots. In plants where the oven mat sits 
directly upon the ground, the gas used for heating the ovens is distributed to the 
flues by silica-brick ducts or *^gun brick’’ passing under the vertical heating flues in 
each oven wall. Gas is admitted to the individual vertical heating flues through a 
brick nozzle. Gas is proportioned to each flue by varying the area of the port in this 
nozzle. 

In batteries of the elevated or underjet type, gas is distributed through steel pipes 
installed in the basement. In the pipe to each flue, a regulating orifice is installed, 
and gas is proportioned to each flue by changing the size of this orifice. The under jet 
design offers more accurate control of heating, with greater ease of regulation, because 
the gas is metered to each vertical flue at constant temperature and pressure, while 
in the older-style gas duct the temperature and pressure vary widely from end to end. 

Fuel gas is distributed to the ovens through mains and manifolds suitable for the 
fuel used. Coke-oven gas is usually brought through one or two 18- to 24-in. mains 
that run the entire length of the battery. Two mains, one on each side of the battery, 
are used for the gun-brick type of distribution, while one main serves for the underjet 
type, feeding into 3- to 4-in. hiads which run across the battery under each flue wall 
and feed J^-in. risers to each heating flue. A reversing cock and a regulating device 
are installed in the lead for each oven. 

With blast-furnace gas, the main may initially be 36 to 40 in. in diameter and be 
stepped down to 24 to 30 in. A 6-in. connection may be used to feed the bus flue of 
each oven, from where the gas flows up through the regenerators and into the flues. 

The reversing cocks installed on the fuel-gas lines and the valves on the waste-heat 
exits and air inlets are all operated as a unit. The valve-operating levers are attached 
to reversing rods which run the length of the battery and are operated automatically 
by a reversing machine. This unit is motor-driven and controlled by a timing device. 
In normal operating schedules, the ovens are generally reversed every hr. 

Regulation of oven heating is of utmost importance and requires coordination of 
three elements: gas supply, draft, and air supply. Gas pressure is regulated by auto¬ 
matic control, and the gas is now often heated by steam coils to give uniform tempera¬ 
ture before it enters the distributing headers, thus avoiding condensation within the 
distribution system. Orifices provide further means of regulating gas flow to each 
oven and to each heating flue. Battery draft is regulated by a stack damper operating 
under automatic control. In addition, each oven (and in some cases each flue) is 
provided with an individual damper. Air flow is usually controlled individually for 
each oven by finger bars or dampers. 

Pointers for Efficient Oven Heating. The following points are to be observed for 
efficiency in heating by-product coke ovens: 

1. Fuel gas and air should be regulated to obtain complete combustion with a 
minimum of excess air. 

2. Stack draft should be kept at a minimum so as to avoid drawing oven gases 
through the walls into the heating flues. 

1 Ebb, T. J., Iron Steel Engr., pp. C13-C18. 
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3. Gas-inlet nozzles should be kept clean. 

4. Oven pressure should be regulated so as to avoid pulling flue gases through the 

walls into the ovens. , 

5. Heat distribution throughout the oven should be such that coking proceeds 
evenly in all parts of the oven. This requires proper regulation of heating to indi¬ 
vidual flues and ovens, as well as the elimination of leakage through the brickwork. 
Because of the taper of the oven, each foot 
of oven length from pusher side to coke 
side contains progressively more coal than 
the preceding foot and consequently 
requires more heat input if even coking 
is to be obtained. Also both ends of the 
oven require a greater input because of 
heat losses through doors. 

6. Time between pushing and charging 
each oven must be a minimum. A 
regular pushing schedule should be 
followed. Some pushing schedules allow 
for periodic idle time on each oven so as 
to permit effective removal of carbon from 
walls, roofs, and standpipes. 

7. Regularity in the quantity of coal 
charged is essential. 

Heat Required. With full battery operation, 2 to million Btu are required to 
heat the ovens per ton of coal coked. This means 3,900 to 4,900 cu ft of coke-oven 
gas per ton of coal, or 37 to 48 per cent of the total gas produced. With decreased 
operations and longer coking time, the proportion of gas required for heating gradually 
increases until there is no surplus. Figure 6-4, based on actual practice, illustrates this. 

Fuels Used for Coke Ovens. 
Although most of the ovens in the 
United States are heated with coke-oven 
gas, some blast-furnace gas, producer 
gas, water gas, and refinery gas are 
also used. In the integrated steel plant, 
well-cleaned blast-furnace gas is well 
adapted to heating ovens designed for 
gas regeneration, thus releasing additional 
coke-oven gas for other heating opera¬ 
tions in the steel plant. Blast-furnace 
gas for oven heating should be cleaned 
to a dust content not exceeding 0.005 
grain per cu ft. 

Lean heating gas tends to produce a 
more even heat in the combustion flues 
than do richer gases. However, blast-furnace gas varies widely in quality and at times 
presents ignition difficulties. Also, if the blast-furnace gas drops below a calorific 
value of 95 Btu per cu ft, oven production will fall below rated capacity. To overcome 
these difficulties, blast-furnace fuel gas may be enriched by the addition of some coke- 
oven gas. In some cases, the two gases are mixed so as to give a resultant calorific 
value of 100 to 150 Btu per cu ft. The addition of coke-oven gas must be limited 
when the gas is put through regenerators. Otherwise methane in the coke gas is 
cracked, reducing heat value and forming carbon deposit. An increase of about 15 



Percent of ovens in battery in operation 
Fig. 6-4. Per cent ovens in operation vs. 
surplus gas. (Fes, Iron and Steel Engineer^ 
1948.) 


Table 6-5. Distribution of Heat Sup¬ 
plied to By-product Ovens^ 



Btu/lb 

coal 

Per 

cent 

Sensible heat in dry flue Ras. . 
Sensible and latent heat in water 

154 

12 

vapor in flue gas 

167 

13 

Sensible heat m coke . 

473 

37 

Sensible heat in coke gas . 
Sensible and latent heat in tar and 

167 

j 

13 

water vapor in coke gas 

154 

12 

Radiation and unaccounted for.. 

167 

13 

Total gross Btu supplied. 

1,282 

100 


1 The Modern Coke Plant, Iron Steel Engr., 
1948. 
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Btu per cu ft in the mixed gas is perhaps the maximum enrichment when the gas is to 
be preheated. Many recent plants, however, are designing so that the enriching gas 
may be introduced directly into the heating flues, with independent regulation for 
each flue. 

When ovens are heated with coke-oven gas, there is a tendency for carbon to form 
in underjet gas risers, gun flues, nozzles, and gas channels. This carbon is removed 
by passing air through these ducts during their off-gas period or during the reversal 
period. Air is supplied by natural draft or by a fan which runs continuously. When 
a fan is used, an 8- to 12-in. air duct runs the entire length of the battery, with V/i-in. 
branches leading to each reversing cock or to each gas flue. Ovens in which waste 
gases are recirculated seem to be relatively free of this carbon deposition, and decar¬ 
bonizing apparatus is not normally installed with ovens of this design. 

Heating Large Ovens. The trend toward larger ovens, with their greater capacities, 
introduced some heating problems which led to changes in the heating systems. The 
two major problems were the handling of the greater volume of gases needed for heat¬ 
ing without too great a differential 
pressure, and the proper distribution of 
heat (particularly wdth rich heating gas) 
so as to coke the coal uniformly. The 
first problem has resulted in the division 
of the heating system into smaller units; 
the second has been solved by dilution of 
the rich heating gas with waste gas to 
give greater flame length, or by the use 
of high and low burners in alternate 
combustion flues. The recirculation of 
waste gases is effected by cross-connecting 
vertical fuel-gas risers so that the fuel 
gas, passing through an injector nozzle and aspirator throat, draws some of the waste 
gas from the exit side over into the stream of incoming fuel gas. 

With high and low burners, the burners in alternate heating flues are placed 12 to 
27 in. above the level of the oven floor, while in the intervening flues, the burners are 6 
in. above floor level. This arrangement tends to distribute the high-temperature 
zone of initial combustion vertically when heating with rich gas. 

Placing New Ovens in Service. New ovens must be carefully dried and heated to 
avoid uneven expansion and cracking. Fire (wood or gas) is first placed in the coking 
chambers, and the temperature is brought up to about 250°F over a period of 2 weeks 
or more, the fires being vented into the combustion chambers through temporary 
holes in the oven walls. Coal or gas fires are then used, and the temperature is raised 
about 25°F each day for 4 or 5 weeks, after which the temperature can be brought up 
nearly to operating range. At this point, 3 or 4 days before charging, the gas is turned 
into the normal fuel-gas heating system. Tie rods and expansion joints must be 
carefully watched during the drying and heating process. 

By-product Battery Chimneys. Waste gases leaving the regenerators pass through 
one or two waste-heat flues of about 50 sq ft cross section which run along one or both 
sides of the battery and are connected to the oven chimney. In some cases, two con¬ 
nections are used so as to provide better balanced draft. The oven chimney may be 
225 to 275 ft high and 8 to 12 ft inside diameter at the top. It is usually constructed 
of radial brick. Automatically controlled regulating dampers in the flues loading to 
the stack maintain a constant draft upon the oven-heating system. 

Heat Balance of By-product Oven. Table 6-7 gives a typical by-product oven heat 
balance. This heat balance gives no consideration to reactions occurring during the 


Table 6-6. Temperatures Prevailing 
around By-product Coke-oven Battery^ 

(In degrees Fahrenheit) 


Preheated air. 1500-2100 

Flame. 2800 

Oven flue. 2200-2750 

Oven wall. 1900-2300 

Oven top. 1400-1500 

Coke. 1800-2000 

Oas leaving oven. 1100-1300 

Gas entering collecting main. 550-7.50 

Gas entering suction main. 75-275 

Liquor m collecting main.175 or less 

Oven stack. 650-650 


1 The Modem Coke Plant, Ii on Steel Engr., 
January, 1948, p. C16. 
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Table 6-7. Typical Heat Balance of By-product Colce Ovens^ 



Btu/lb 

coal 

Per cent 

Input: 



1. Latent. 

13,500 

12 

91 17 

2. Sensible heat in coal. 

0 08 

3. Latent heat in fuel gas . 

1,270 

8 67 

4. Sensible heat in fuel gas. 

12 

0 08 

Total input . 

14,794 

100 00 

Output: 



5. Latent heat in coke . 

9,563 

64 62 

6. Sensible heat in coke . 

520 

3 52 

7. Latent heat in gas . 

3,045 

20 60 

8. Sensible heat in gas... 

191 

1 29 

9. Heat of water vajior in gas. 

129 

0 87 

10. Latent heat of tar . 

598 

4.04 

11. Sensible heat of tar. 

6 

0 04 

12. Latent heat of light oils . 

132 

0 89 

13. Heat content in stack gas . 

440 

2 98 

14. Radiation and unaccounted for" . 

170 

1 15 

Total output . . 

14,794 

l66 00 


Data for computation of Table 6-7 

Input: 

1. Gross heating value of 1 lb of eoal as charged. 

2. Sensible heat in coal is so slight as to be negligible. 

3. Latent heat of fuel gas = cu ft supplied ixt lb of coal X its gross calorific value per cu ft. 

4. Sensible heat in fuel gas = cu ft supplied per lb of coal X temp of gas, deg F, X volumetric 
heat content (approx 0.0194 X 0.0000047<, deg F for coke-oven gas). 

Output (equals input): 

5. Gross heat value of coke produced from 1 lb of coal. 

6. Sensible heat in coke = lb of coke produced from 1 lb of coal X coke temp X mean specific 
heat (approx 0 36). 

7. Latent heat in gas = cu ft of gas from 1 lb of coal X gross heating value per cu ft. 

8. Sensible heat in gas = cu ft of gas from 1 lb of coal X outlet-gas temp X specific heat (as in 
item 6). 

9. Heat (!ontent of water vapor in gas = lb of moisture carried from gas by 1 lb of coal X (1,090.7 
+ 0.46 X outlet-gas temp). 

10. Latent heat in tar = lb of tar from 1 lb of coal X gross heating value per lb (approx 16,500 Btu 
per lb). 

11. Sensible heat in tar = lb of tar from 1 lb of coal X temp, deg F, X specific heat (approx 0.5). 

12. Latent heat m light oils = gal produced from 1 lb of coal X gross heating value (approx 150, (KK) 
Btu per gal). 

13. Total stack loss = (lb of waste gas per lb of coal coked) X (stack temperature) X (mean specific 
heat) (approx 0.24) — (lb of moisture m stack gas) X (1,090.7 + 0 46 X stack temj), deg F). 

14. Radiation, etc., is found by difference. The loss through walls, etc., has been estimated at an 
average of 195,000 to 200,000 Btu per oven per hr. A breakdown of this loss is somewhat as shown in 
Table 6-8. 

J The Modern Coke Plant, Iron Steel Engr., 1948. 

« See Table 6-8 for further breakdown of radiation loss. 

Table 6-8. Heat Loss by Radiation from By-product Coke Oven^ 

(Estimated) 


Heat Lose, 

Area Btu/Sq Ft/Hr 

Doors and frames. 600- 900 

Charging lids and frames ....... 2,500-4,000 

Oven tops. 150- 300 

Tops of heating flues. 280- 590 

Leveling door ... 800 -1.500 

Gas-collection piping. 150- 225 

Regenerator walls. 100- 200 

Lower oven structure. 60- 80 

Regenerator bottoms... 130- 160 

Total. 4,770-7,955 

1 The Modem Coke Oven, Iron Steel Engr. 
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Table 6-9. By-product Coko Plant Operating Performance^ 



Plant 

A 

Plant 

B 

Plant 

C 

Plant 

D 

Plant 

E 

Plant 

F 

Plant 

G 

Avg 

Analysis of coal: 









Volatile matter, per cent 

33 60 

31 10 

32 50 

28 30 

28 50 

30 80 

30 30 

30 73 

Fixed carbon, per cent 

57 17 

61 40 

62 10 





60 22 

Moisture, per cent 

2 75 

2 68 

4 00 

4 90 

6 30 

6 60 

3 80 

4 43 

Ash, per cent 

9 25 

7 44 

5 40 

7 80 

7 50 

6 90 

6 50 

7 26 

Sulphur, per cent. 

1 01 

0 87 

0 78 

0.85 

0 84 

1 06 

0 82 

0 89 

Analysis of coke: 









Volatile matter, per cent 

0 67 

1 01 

0 80 

1.10 

1 40 

1.40 

1 60 

1 14 

Fixed carbon, per cent 

87.85 

89 20 

92 70 





89 92 

Ash, per cent 

11 79 

9 80 

6 50 

9 30 

9 50 

9 30 

9 00 

9 31 

Sulphur, per cent 

0 72 

0 71 

0 61 

0 63 

0 83 

0 83 

0 65 

0 71 

Moisture, per cent 

1 11 

1 78 

3 00 

3 30 

6 30 

1 00 

0 50 

2 43 

Oven width, in. (avj?) . . . 



17 

16.50 

17 25 

17 

17 25 

16 14 

Gross coking time, hr and mm. 

11:46 

1 

' 13:04 






12 25 

Net coking time, hr and min 

11:26 

12:30 

V7:00 

16:20 

15:08 

15.08 

17:05 

14.57 

Coal charged per oven, net tons 


12 50 

18 00 

13 25 

17.00 

17 41 

18 02 

16 03 

Total coke yield, per cent 

75 75 

76 00 

74 10 

77 70 

73 70 

77.69 

79 00 

76 28 

Furnace coke yield, per cent 

63 07 

61 00 

65 00 



I 


63 02 

Domestic coke yield, per cent 

6 98 

10 00 

3 70 





6 89 

Pea coke yield, per cent 

0 00 

0 50 

1 50 





0 67 

Breeze yield, per cent 

5 70 

4 50 

3 90 

6 00 

4*20 

7 22 

*8 00 

5 65 

Tar, gal/ton coal 

11 03 

11 30 

8.85 

6 70 

6 20 

6 96 

8 80 

8 55 

Ammonium sulphate, Ib/ton coal 

25 21 

25.50 


18.10 

19 90 

15 94 

21 60 

21 04 

Light oil, gal/ton coal 

3 60 

3 40 

‘ 3 25 

2 90 

2 90 



3 21 

Ammonia liquor, gal/ton coal 


14 00 







Total gas, cu ft/ton coal 

10,130 

10,200 

10,200 

10,353 

10,234 

10,719 

12,053 

10,556 

Gas to heat ovens, cu ft/ton coal 


3,900 


4,3.56 

4,465 



4,240 

Surplus gas, cu ft/ton coal 


6,300 


5,997 

5,769 



6,022 

Surplus gas, per cent of total 


61 8 


58 0 

57 3 



59 0 


i The Modern Coke Plant, Iron Steel Engr., January, 1948, p. C29. 


Table 6-10. By-product Coke, Analyses of Typical Field Samples® 


Where purchased 

Ash, 
per cent 

Volatile, 
per cent 

Moisture, 
per cent'' 

Fusion, 
deg F 

Heat value, Btu 

Dry 

Apparently 

dry*> 

' 

Norristown, Pa 

10 

60 

1 

36 

7 6 

2379 

12,804 

11,850 

Philadelphia 

7 

61 

1 

00 

10 8 

2534 

13,234 

11,800 

Chester, Pa 

7 

93 

2 

25 

10 5 

2630 

13,289 

11,890 

Camden, N.J. 

7 

12 

1 

75 

10 3 

2386 

13,286 

11,900 

8 

54 

2 

05 

11 7 

2200 

13,053 

11,520 

Newark, N.J 

5 

57 

0 

85 

7 1 

2.'S63 

13,512 

12,5.50 

Brooklyn, N.Y 

6 

12 

1 

53 

9 6 

2427 

13,476 

12,170 

5 

67 

0 

61 

8.7 

2534 

13,502 

12,310 

Lowell, Mass 

6 

51 

1 

89 

11.5 

2503 

13,414 

11,880 

Lawrence, Mass 

4 

55 

1 

68 

14.6 

2099 

13,695 

11,690 

Hartford, Conn 

6 

84 

0 

91 

11 6 

2548 

13,313 

11,790 

Providence, R.I 

6 

66 

1 

36 

8 3 

2720 

13,400 

12,280 

Boston, Mass 

7 

96 

0 

76 

8 4 

2591 

13,165 

12,070 

Alabama ... 

7 

39 

1 

01 

8 8 

2548 

13,365 

12,190 

Troy, N.Y ... 

Buffalo, N.Y. . 

Utica, N.Y . ... 

9 

11 

0 

84 

9 2 

2705 

13,013 

11,820 

8 

98 

1 

95 

8 9 

2705 

12,983 

11,820 

9 

19 

0 

86 

11 5 

2.534 

13,010 

11,520 

Syracuse, N.Y 

9 

51 

0 

82 

12 5 

2734 

12,950 

11,320 

Fairmont, W.Va. 

8 

52 

1 

94 

9.5 

2284 

13,121 

11,880 

Hamilton, Ont 

9 

46 

1 

60 

11,6 

2.591 

13,033 

11,510 

Montreal, Que. 

7 

44 

0 

62 

7 6 

24.56 

13,235 

12,210 

Avg. 

7“ 

68 

1. 

32 

10.0 

2508 

13,231 

1 

11,856 

1 


A Samples purchased from retail outlets. 

^ Measured at a point when the surface appeared dry. 
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Table 6-11. Yield and Analyses of Products of Carbonization Process^ 


Product and constituents 

Per cent 
of coal by 
weight 

1 Per cent 
of product 
by weight 

Yield, 

Ib/ton 

coal 

Coke; 




Ash . 

7 210 

10.24 

144 20 

Carbon , 

61 711 

87 76 

1234 22 

Hydrogen 

0 469 

0 66 

9 38 

Sulphur 

0 683 

0 96 , 

13 66 

Nitrogen 

0 270 

0 38 

5 40 

Totals.. 

70 343 

100 00 

1406 86 

Gas: 




Carbon dioxide 

1.042 

6 66 

20 84 

Carbon monoxide 

3 154 

20 14 

63 08 

Methane 

7 468 

47 69 

149 36 

Ethylene 

1 529 

9 76 

30 58 

Nitrogen 

0 385 

2 46 

7 70 

Hydrogen 

1 366 

8 72 

27 32 

Oxygen 

0 717 

4 57 

14 34 

Totals 

15 661 

160.00 

313 22 

Ammonia: 




Hydrogen 

0 040 

17 90 

0 80 

Nitrogen 

0 183 

82 10 

3 66 

Totals 

0 223 

100 00 

4 46 

Tar: 




Carbon. 

4 687 

86 00 

93 74 

Hydrogen . 

0 327 

6 00 

6 54 

Oxygen. 

0 436 

8 00 

8 72 

Totals 

5 450 

100 00 

109 00 

Liquor: 




Moisture 

3 310 

48 70 

66 20 

Oxygen 

3 107 

45 60 

62 14 

Hydrogen 

0 388 

5 70 

7 76 

Totals 

6* 805 

100 00 

136 10 

liight oils, benzene (CeHc) (equivalent) 

1 102 

100 00 

22 04 

Cyanogen, C 2 N 2 . 

0 078 

100 00 

1 66 

Carbon disulphide, CS 2 . 

0 013 

100 00 

0 26 

Hydrogen sulphide, H 2 S 

0 325 

100.00 

6.50 


* The Modern Coke Plant, Iron Steel Engr. 


Table 6-12, Specific Heat of By-product Coke^ 


Mean specific heat, Btn/lb/deK F 


Temp, 
deg F 

Ash 

Coke with ash content, per cent, of 

5 

1 

10 

15 

20 

400 

0 204 

0 225 

0 224 

0 223 

0 222 

750 

0 227 

0 277 

0 275 

0 272 

0 269 

1100 

0 242 

0 313 

0 309 

0 306 

0 302 

1500 

0 250 

0 337 

0 333 

0 328 

0 324 

1800 

0 256 

0.356 

0.351 

0 345 

0 340 

2000 

0 258 

0.363 

0.359 

0.353 

0.348 


1 Iron Steel Engr. 
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coking stage of the pi*ocess. These are generally recognized as exothermic. The 
omission of this item on the input side will have the effect of decreasing the output 
item of radiation and unaccounted loss. It is also apparent that the first stage of the 
process, including driving off of hygroscopic water and raising coal temperature to its 
fusion* point (about 780°F), requires much more external heat than the subsequent 
coking stage. 

Coal-gas-retort Coke^ 

Although the by-product and beehive ovens are the only forms of carbonization 
equipment which will produce satisfactorily metallurgical coke, several other types 


Table 6-13. Effect of Steaming Coal in Vertical Retorts^ 


Ratio steam to 
coal carbureted, 
per cent 

Blue gas, 
total per 
cent 

Gas/lb of 
coal, cu ft 

Btu/cu ft 
of gas 

Btu in gas 
/lb of coal 

Fuel, lb/ 
ton of coal 

Net coke 
and breeze, 
Ib/ton of 
coal 

Sp gr of 
gas 

0 

0 0 

5 75 

570 

3,280 

260 

1,120 

0 430 

10 

11 0 

6.40 

540 

3,460 

275 

1,100 

0 446 

15 

23 3 

7 50 

510 

3,820 

300 

1,060 

0 462 

20 

32 0 

8 40 

475 

3,990 

.325 

975 

0 479 

30 

45 0 

10 50 

440 

4,620 

360 

860 

0 495 


Marks, Lionel S., “Mechanical Engineers’ Handbook,” 4th ed., p. 850, McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 


Table 6-14. Salient Statistics of the Coal-gas Industry in 1947^ 



Horizontal 

retorts 

Vertical 
retort and 
gas ovon 

Totals 

and 

avei ages 

Retorts in existence, Dec. 31, 1947 

1,007 

412 

1,419 

Retorts in operation, Dec. 31, 1947 

755 

399 

1 154 

Coal charged, net tons . 

382,881 

711,939 

1,094.820 

Coke produced, net tons 

234,965 

429,611 

664,576 

Screenings or breeze produced . . . 

19,720 

57,604 

77,324 

Average yield in i>er cent coal charged: 




Coke . . 

61 37 

60 34 

60 70 

Breeze (at plants recovering) . 

8 24 

8 67 

8 56 

Coke used by producer: 




For manufacture of water gas .... 

73,769 

96,445 

170,214 

For manufacture of producer gas. 


29,150 

29,150 

For bench fuel . . 

57,492 

81,683 

139,175 

For other purposes . 

9,222 

6,705 

15,927 

Total used by producer . 

140,483 

213,983 

354,466 

Coke sold to other consumers: 




For manufacture of water gas. 

10,021 

3,255 

13,276 

For other industrial uses. 

126 

9,886 

10,012 

For domestic use. . . 

88,403 

_194,263 

282,666 

Total sold. 

98,550 

207,404 

305,954 

Per cent of coke for domestic use. 

37 6 

45 2 

42 5 

Tar produced, gal/ton of coal 

11.80 

14 72 

13 70 

Ammonia liquor, Ib/ton of coal. 


3 04 

3 04 

Crude light oil, gal/ton of coal.. 

0.20 

1.18 

0 91 


1 U.S, Bureau of Mines, ms. 1594. 


of apparatus, such as the vertical and horizontal coal-gas retorts, become available 
when the production of gas is the prime consideration. In the manufactured-gas 

1 See also Coal Gas, p. 303. 
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industry, a gas meeting strict legal requirements must be made at all times, and the 
quality of coke and by-products may thus fluctuate to a certain extent.^ 

Usually about 50 per cent of the coke so produced is used by its producers for hes.t- 
ing benches, for manufacturing producer gas and water gas, and for other miscella¬ 
neous plant uses; the bulk of the remainder is sold for household heating near, the 
sources of production. 

During recent years, coal-gas retorts have been rapidly replaced by other equip¬ 
ment such as that for water gas, natural gas, and liquefied petroleum gas. This 
steady recession of plants operating coal-gas retorts has markedly reduced the coal- 
carbonizing capacity of the industry so that, as of Dec. 31, 1947, some 1,419 retorts in 
existence were capable of carbonizing 1,273,100 net tons of coal a year, a decrease of 
21 per cent from 1946 and of 33 per cent from 1942, the first year of record.* 

Blast-furnace Coke* 

In the steel industry, the primary purpose of the coke plant is, of course, to produce 
coke for the blast furnaces. The by-products, however, are of such value as to offset 
the cost of coking. 

Coke for the blast furnace must have definite physical and chemical properties 
which determine whether or not it will work satisfactorily in the furnace. Actually, 
blast furnaces operate successfully with cokes ranging from 6 to 14 per cent ash and 
0.5 to 1.8 per cent sulphur, with porosity of 40 to 60 per cent, a 2-in. shatter index of 
10 to 75 per cent, and a wide range of specific reaction rates and of mean size charged. 
Such variations stem from the dependence of these properties upon the coal that is 
available at a cost conducive to economical operation, and to a lesser extent upon 
coking practice. 

However, while coke of such widely varying characteristics is used satisfactorily 
among the various blast furnaces, the coke going to an individual furnace must be 
uniform in physical structure, size, strength, and chemical composition if good opera¬ 
tion is to be expected. Adjustments can be made to accommodate a coke of poor but 
uniform quality, but a smooth operation cannot result with a coke of good but varying 
quality. 

Good furnace coke should resist abrasion and must not break up in the furnace. It 
should be hard but not brittle. Open cell structure in the coke favors rapid combus¬ 
tion, while a dense structure retards combustion. 

In spite of much work to develop suitable coke tests, it is still impossible to predict 
accurately, from laboratory tests, the behavior of coke in the blast furnace. Coke 
that works satisfactorily in one plant may be quite unsuitable in another, and two 
furnaces in the same plant may work quite differently on the same coke. The real 
answer is to be had only from actual use in the blast furnace. 

Low-temperature Carbonization (Disco) ^ 

The outstanding low-temperature carbonization operation in the United States is 
the McDonald, Pal (19 miles west of Pittsburgh), plant of The Disco Co., a subsidiary 
of the Pittsburgh-Consolidation Coal Co. 

High-volatile coking coal, mainly from the Westland and Montour No. 4 deep 
mines, sized to — % in., is dried and fed to rotary kilns or carbonizers some 126 ft 

1 Hablam, Robert T., and Robert P. Rubbell, “Fuels and Their Combustion, p.“ 669, McGraw-Hill 
Book Company, Inc., New York, 1925. 

® “Production of Coke from Coal-gas Retorts in 1947,” Mineral Industries Surveys, U.S. Bureau of 
Mines, ms. 1594, 1948. 

® Ebb, T. J., Iron 8ted Engr* 

* Utilization, May, 1949. 
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long by 9 ft in diameter. The entering temperature of the coal charge is about 600°F; 
the exit temperature of the charge 850 to 900®F. Under the influence of the tempera¬ 
ture (above about 700®F) the coal gives off hydrocarbon vapors and softens to form 
balls of various sizes. The plastic stage is of short duration, lasting only 5 or 10 min. 
The hot product, or ‘'Disco,'' is sized and quenched, with the smaller fines being 
returned to the kiln to form part of subsequent charges. 

Two sizes are marketed, 2 by in. and +2 in. The ratio of the sizes produced is 
about 1 carload of the smaller to 7 of the larger. Volatile in the finished product 
averages about 16 per cent (from high-volatile coal). By-products consist of 15 gal 
of high-acid tar and 3,700 cu ft of 375-Btu gas. The tar is sold without further separa¬ 
tion, the gas reused in the process to furnish heat. Gas is said to analyze 4.0 per cent 
CO 2 , 10.0 per cent CO, 29.5 per cent CII 4 (methane), 4.5 per cent illuminants, 49.9 
per cent nitrogen, oxygen, hydrogen, hydrogen sulphide, etc. The gas contains light 
oils, which are not separated at present. The tar does not contain ammonia, being 
acidic rather than alkaline. Each carbonizer, of which there are now 9, has an hourly 
capacity of 63^^ tons for a total daily input of 1,050 tons, with 72 to 75 per cent con¬ 
verted to Disco. 


SELECTION OF COALS FOR COKING^ 

Approximately 16 per cent of the bituminous coal in the United States is converted 
into coke. In the early days of the coke industry, high-grade coking coals were 
plentiful, but reserves of these coals arc gradually giving out, with the result that 
the less desirable grades must be used. Sulphur and ash contents have gradually 
increased through recent years, and there is much activity to find and develop new 
coals suitable for coking. The blending of two or more coals has made enormous coal 
reserves available for coking. 

Sources of Coking Coal.* According to the U.S. Bureau of Mines* the great source 
of coking coal has been the Appalachian region, extending from Pennsylvania to 
Alabama. States in this region supplied more than 96 per cent of all coal purchased 
in 1946 for oven coke. In order of tonnages, the ranking states which shipped coal to 
oven-coke plants were Pennsylvania and West Virginia, each furnishing 36 per cent 
of the total; Kentucky 14 per cent; Alabama 8 per cent; and Virginia and Tennessee 
combined 2 per cent. Other states that supplied significant tonnages of coking coal 
were Utah and Colorado, which together furnished 2 per cent of the total. The best 
high-, medium-, and low-volatile coking coals are found in West Virginia, eastern 
Kentucky, western Virginia, Pennsylvania, and Alabama. The low-volatile coking 
coals, such as are very important for improving the physical properties of metallurgical 
coke, especially its strength, come mostly form West Virginia and, to a lesser extent, 
from central Pennsylvania, western Virginia, Oklahoma, and Arkansas. 

The expansion of the steel industry in the Far West during the Second World War 
focused attention on the supply of coking coal from that area. The present source of 
coking coal for the steel plants in Utah and California is the Sunnyside bed of Utah. 
Through exploration, the U.S. Bureau of Mines has discovered additional reserves of 
coking coal near Kemmerer, in southwestern Wyoming, and in^ Gunnison County, 
Colorado. 

Coke-plant operators reported to the Bureau of Mines that 59 per cent of all coal 
purchased for the manufacture of oven coke in 1946 was obtained from captive mines. 

Effect of Coal Properties on Coking.* The suitability of a coal for producing coke 

» Ebs, T, J., Iron Steel Engr., pp. C5-C7. 

*“Minerals Yearbook,” U.S. Bureau of Mines (available through Superintendent of Documents), 
preprint p. 24, 1946. 

* Ess, T. J., Iron Steel Engr. See also The Practical Effect of Various Properties of Coal, p. 36. 
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depends upon many properties and characteristics, several of which are very difficult 
to evaluate without actual trial in an oven. Volatile matter, ash, and sulphur content 
are among these many factors of primary importance.^ 

Volatile Content. Coals of very high volatile content result in coke of relatively low 
strength, and they are thus usually used in a blend with low-volatile coals. Low- 
volatile coals have a tendency to expand when heated and yield somewhat lower 
quantities of coal chemicals or by-products. 

Volatile matter should fall between 28 and 35 per cent in coal on a dry ash-free 
basis. Coals of higher volatile content are often used but at the expense of the 
strength of the coke. 

Ash. Ash in the coal is of course carried over into the coke. Ash content of coke 
is about 1.35 times that of the coal charged to the oven. High-ash coal is said to 
reduce iron production by about 5 per cent for each per cent of ash. 

Low ash is desirable, the lower the better, and with not over 10 per cent if at all 
possible. 

Sulphur. Between 60 and 70 per cent (usually 62 per cent) of the sulphur in the 
coal remains in the coke. It should therefore be as low as possible, preferably not 
over 1.2 per cent for coke for blast-furnace use, and 1.0 per cent for coke for foundry 
use. 

Moisture. Excessive moisture in the coal may injure the oven brickwork. 
Seven per cent may be considered a 
maximum. 

Oxygen Content. Coke of best quality 
is made from coals of relatively low c 

oxygen content. More than 8 per cent ^ 

oxygen on a dry ash-free basis will not 8. 

make good commercial coke, although ^ 

higher oxygen coal is used in some cases. 2 

Some authorities state that a hydrogen- ^ 

oxygen ratio of 0.6 or more is desirable, i 

with 0.55 a minimum value. 

Expansion on Heating. During the 
coking process, coals may undergo marked 

changes in volume. Some coals may jtiq, 0 _ 5 , Pressures developed by three 

expand while others contract, and there is typical coals during coking process. {Ess, 

no sure way to predict exactly which way Iron and Steel Engineer, 1948.) 
a coal will behave except by actual test. 

In general, low-volatile coals expand and high-volatile coals contract, even though the 
coals come from the same seam. Tests of coals from the lower Kittanning seam show 
40 per cent or more expansion with 17 to 18 per cent volatile matter, and 27 to 30 per 
cent contraction with 42 per cent volatile. At approximately 31 per cent volatile, 
there seems to be no volume change. Similar tests on No. 3 Pocahontas seam shows 
20 per cent expansion with 17 per cent volatile matter and 3 per cent expansion with 
24 per cent volatile. (All volatile contents in these tests are reported on the dry 
ash-free basis.) 

Since expanding coals may exert dangerous pressures against the oven walls, it is 
necessary that such coals be used in blends with coals that contract while coking so 
that the final mixture is approximately neutral. Even then care must be exercised 
not to vary coking practice, as mixtures which may be safe when coked for long times 
at low temperatures may be dangerous at faster coking rates with higher tempera¬ 
tures. Likewise, the expansion of a coal or a coal mixture will increase if the bulk 
density of the charge increases. Finer pulverization and increased moisture (up to 
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7 per cent) tend to reduce density and hence reduce expansion during coking. See 
also Plastic Properties of Bituminous Coals, page 93. 

Pressures Developed by Coals. According to Ess,^ pressures developed by bitu¬ 
minous coals may range somewhat as follows: 

High-volatile Bituminous. From to % psi, remaining more or less constant through 
the coking process. 

Medium-volatile Bituminous. From psi at charging to iJi psi after hr, and then 
remaining rather constant except for a sudden peak of 4 psi at 7 hr. 

Low-volatile Bituminous. From H psi at charging up to 6 psi at 6^ hr. The occur¬ 
rence of pressure peaks in an otherwise uniform pressure record shows that ovens may be 
damaged, even though badly sticking ovens are not encountered in pushing. 



Fig. 6-6. Variations in physical properties of coke with varying proportions of low- 
vcdatile coal in the mix. {Ess, Iron and Sted Engineer, 1948.) 

These pressure characteristics of the several very general types of coal are also 
shown as Fig. 6-9. 

Size Consist The sizing of the raw coal affects coke quality to a considerable 
extent. Harder coke is obtained from pulverization to 70 per cent through 34-m. 
mesh than if pulverized to 50 per cent through J^-in. There is considerable variation 
in the degree of pulverization through the industry, depending principally on local 
conditions and the use for which the coke is primarily intended. In general, opera¬ 
tors seem to favor pulverization so that 80 to 90 per cent passes through J^^-in.-mesh 
screen, particularly if the blending of two or more coals is being employed. A high 
degree of pulverization results in less segregation and a more intimate mixture, 

^ Bss, T. J., Iron Steel Engr, 
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Fig. 6-7. Effect of degree of pulverization of coal on physical properties of resultant coke. 
(Eas, Iron and Sted Engineer, 1948.) 


although it also gives lower bulk density, and, if the mixture contains too much very 
fine coal, coke quality suffers. Some operators believe that fine crushing of the coal 
results in higher coal-chemical (by-product) yield. In some cases, where only high- 


Table 6-16. Typical Analyses of By-product Coke from Various Coals^ 


Per cent by weight 


Kind of (5oal 

Water 

Vola¬ 

tile 

Fixed 

C 

Ash 

S 

P 

SiOj 

AhOa 

Bases 

Fe 

Connellsville, Pa ... 

0 32 

1,70 

86,50 

11.60 

0 75 

0.020 

5 30 

3 00 

4.30 

2.60 

PocahontaR, W. Va .. 


2 31 

90 62 

6.97 

0.70 






New River, W. Va 


2 82 

90,52 

6.36 

0 70 






Davis, W. Va . 

0 33 

1 20 

87 97 

10 50 

0 55 

0 034 

4 27 

3 89 


1.40 

Derry, Pa . 


2 50 

81,60 

14 70 

1 20 






Webster, Pa . 


1 10 

88 40 

10.50 

0 95 

0 030 

4 80 

3 50 


1.85 

Klondike, Pa . 


2 50 

84 50 

12 00 

1.00 






Loyalhanna, Pa ... 


2 45 

81 20 

15 00 

1 35 






Mountain, Pa 

0 r>o 

1 10 

85,85 

11.53 

1 00 

0 018 





Fairmont, W. Va .... 

0 30 

0 97 1 

87 43 

11 30 

1 35 

0 020 

4.16 

2 53 


2.45 


1 Iron Sted Engr. 


volatile coals are used, and even where mixtures of coal are used, coarse coal (up to 
1% in.) is used to obtain high bulk density. The best size of pulverized coal mui^t be 
determined by the individual plants for each coal or blend used. 
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Btilk Density. Control of bulk density of the coal charged to the ovens has re¬ 
cently received considerable attention. Such control results in coke with more uni¬ 
form physical characteristics and also simplifies heating and operation of the ovens. 
The principal factor affecting bulk density is the surface moisture of the coal, although 
fineness of crushing is also important. Bulk density decreases as surface moisture 
Increases and as coal fineness increases. The effect of moisture content can be offset 
to a great extent by the addition of small amounts of oil to the coal charge. Such 
additions increase the bulk density of wet coal but may reduce somewhat the bulk 
density of coal that has no surface moisture. Results from tests in one plant showed 
that the addition of 1 gal of oil per ton of coal resulted in a 7 per cent increase in bulk 
density and that the use of oil decreased the fluctuations in density caused by changes 
in moisture content of coal. 

Coke Yield as Affected by Coal Properties^ 

Coke yields as obtained from various coals are closely proportionate to the rank 
of the coal as measured by its fixed carbon, running 102 to 113 per cent of the fixed 
carbon plus ash content of the coal as carbonized. The coke yield is greater than the 
fixed carbon plus ash contents because of the deposition of carbon by thermal decom¬ 
position of hydrocarbons in gases and vapors passing through the coke mass. When 
coke yields (dry) are plotted against fixed carbon plus ash, a straight line develops, 
the formula being 


Per cent coke yield, dry = 19 + 0.79 ((7 + -4) 

where C = per cent of fixed carbon in the coal 
A = per cent of ash in the coal 

The ash content of the coke, which equals the ash content of the coal divided by the 
coke yield, may therefore be expressed as 

Per cent of ash in dry coke = 0^9^ -f A) 

with symbols as in the preceding equation. 

Coke yield drops as the carbonizing temperature is increased up to about 1G50°F, 
because of the more complete driving off of the volatile matter, which reaches a mini¬ 
mum of about one-half at this temperature. The carbon content of the coke increases, 
and the Btu per pound of coke decreases simultaneously. Above 1650°F, the coke 
yield increases slightly because of carbon deposition. 

Relation of Coke Characteristics to Rank of Coal 

According to Perch and Russell,* there is sufficient evidence from past experience 
to indicate that characteristics of coke produced from a given coal are in some measure 
related to the rank of coal. Broadly speaking, the high-volatile C bituminous coals 
make very small fragile cokes, if the coals coke at all; whereas the high-volatile A coals 
produce much better cokes. Although the low-volatile coals produce strong cokes, 
they cannot be carbonized unblended in by-product ovens because of their pressure 
characteristics. 

After a careful effort to use some interpretation of the standard method of classify¬ 
ing coal as a prediction of the coking properties, the authors concluded that a modifi¬ 
cation was necessary to express results properly. They thus devised a chart in which 

1 Ebb, T. J., Iron Steel Engr. pp. C30, C31. 

> Pbbch, Michabl, and Chablbs C. Hubbbll, A Study of Coal Classification and Its Application to 
the Coking Properties of Coal, Mining Eng., AIMS, June 1949, p. 205. 



B.tu.(moisture,minerol matter,free *r volatile (M. MM free) 



Fia. 6-8. Classification chart of coals showing the relation of coking properties to chart 
location. {Based upon Perch and Russell^ Mining Engineering^ June, 1949.) 



Fig. 6 - 9 . Relation between coking properties of coals and volatile +H80. 
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the ratio of the heating value of the coal to percentage of volatile matter is plotted as 
the ordinate on a logarithmic scale and dry volatile matter plus moisture is plotted as 
the abcissa on an arithmetric scale. Both are on a mineral-matter-free basis. In the 
resultant chart, all ranks of coal (except anthracite) fell practically on the curve. 

A general examination of this classification scheme revealed that the coals appeared 
to be aligned in order of their determined coking behavior. Figure 6-8 shows this 
curve, on which are also shown the very approximate divisions between the major 
ranks of coal. 

Superimposing some 36 coals of known coking behavior on this modified classifica¬ 
tion curve, the authors found that all fell within the range marked A to F on Fig. 6-8. 
A further analysis of this imposition shows that, for each segment of the curve, marked 
A to F, plottable points are available for pressure, fluidity, and stability. These are 
shown as Fig. 6-9. While the authors referred to the curve for a location of individual 
coals, if all points fall on the curve as stated, only the abcissa, or per cent volatile 
moisture, as used in Fig. 6-8, is needed to establish a relationship between coal char¬ 
acteristics and coking properties. (It should be noted that this is a very new, rela¬ 
tively unproved relationship. However, in view of the paucity of technical guides as 
to the suitability of coals for coking, it is presented with this reservation, and with 
considerable modification by the editors.) 

Table 6-16. Relation between Volatile + Moisture, and Coking Characteristics^ 


Location 
on Figs. 
6-8 and 6-9 

Volatile 
-f- mois¬ 
ture* 

No. of 
analyses 

Max 

fluidity, 

D/M 

Max 

pressure, 

psi 

Coke 

stability 

factor 

Per cent 
ash in coal 

A 

19-25 

6 

76 

8 06 

40 

4 7-13 

B 

25-30 

2 

530 

2 57 

48 

5 1-18 

C 

30-35 

5 

6,370 

1.07 

39 

3 6-26 

D 

35-40 

7 

11,570 

0 48 

24 

4 7-7 7 

E 

40-45 

9 

7,335 

0 59 

22 

3 5-15 

F 

45-50 

7 

7 

0 58 

6 

3 1-20 


1 Perch, Michael., and Charles C. Russell, Mtning Eng., ATME, June, 1949, p. 205. 

« Volatile is moisture- and mineral-matter-free. See Figs. 6-8 and 6-9 for graphic presentation of this 
material. 


BLENDING COALS FOR COKING^ 

In 1946, 72 of the 85 active plants in the United States carbonized coal of different 
volatile content. High- and low-volatile coals were blended by 46 plants; high-, 
medium-, and low-volatile by 3 plants; and high- and medium-volatile by 3 plants. 
Of the plants that carbonized straight or unblended coals, 10 used straight high- 
volatile and 3 medium-volatile. At plants where blending is practiced, the propor¬ 
tion of the different kinds of coal mixed before charging into ovens varies widely from 
plant to plant according to local conditions. A classification of all coal purchased for 
coking in vertical slot-type ovens in 1946 indicated, however, that 66 per cent was 
high-volatile, 13 per cent medium-volatile, and 21 per cent low-volatile. 

While exact performance depends upon local conditions, on a basis of tests in which 
100-lb samples were carbonized in a horizontal steel retort, Mendelshon^ reports that 
the yield resulting from the blending of bituminous coals may be predicted from the 
following equation: 

Per cent coke yield ** KoolcwJ + (lOOa)y] 

^"Minerals Yearbook,” U.S. Bureau of Mines, preprint 1946, p. 24. 

* Mbndblbhon, J., Fuel, vol. 13, No. 6, pp. 140-154, 1934, as quoted by Penn. State Coll. Mineral 
Inde. Expt. Sta. Cir. 16, p. 10. 
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where a =® per cent of one coal in the blend 

X = per cent of coke produced from this coal 

y = per cent of coke produced from the other coal , 

The agreement between this equation and actual test results published by the 
Bureau of Mines is said to be excellent. 

Anthracite Fines in Coke Production^ 

Since 1942, there has been a progressive increase in the use of anthracite fines in 
mixture with high- and low-volatile bituminous coals for feed stock in the production 
of blast-furnace and foundry coke. The material is considered an inert, which 
appears to permit the use of higher flue temperatures and shorter coking time and thus 
increases the throughput. 

In general, the following characteristics are of importance in selecting anthracite 
fines for use in blends: 

1. Particle size 

2. Size consist (size distribution) 

3. Density, volatile content, and sulphur 

4. Ash content 

No. 5 buckwheat anthracite specification is considered the best suited for blending 
use, although there is presently an interest in the flotation anthracite at some 
plants. 

In general, the size consist most desired is 


Meek 

Max 
Per Cent 

10 

5 

10- 20 

20 

20- 40 

60 

40-100 

10 

100 

5 


Volatile-matter content is generally limited to 6 per cent maximum. True specific 
gravity is approximately 1.70 with 50 per cent sink in carbon tetrachloride. Low 
ash content.* 

Use of Anthracite Fines in By-product Coke Blends* 

Clendenin, Barclay, and Wright report the technical aspects of blending anthracite 
fines with bituminous coals for making by-product coke in considerable detail, with 
emphasis on the several factors influencing the quality and yield of the products. 

They conclude that, up to at least 10 per cent anthracite addition, the properties 
of the resultant coke appear to be entirely satisfactory for non-blast-furnace uses, 
such as for foundries, water-gas generators, and domestic fuel. On the other hand, 
cokes produced from blends containing small percentages of anthracite fines are not, 
as yet, generally acceptable for modem blast-furnace use. It is claimed by some 
operators that anthracite-blend cokes possess a deficiency in certain desirable strength 
characteristics which is reflected in a disturbance in the blast-furnace operating cycle. 
Recently, however, at least one blast furnace reported favorably on the use of 5 per 
cent anthracite in their coking blend, and several other plants are reported as trying 
the use of to 3 per cent blends. In the non-blast-furnace field, several different 

1 Kbrrick, J. H., research engineer, The Philadelphia & Reading Coal & Iron Co., Philadelphia, Pa. 

2 For further technical information, refer to Penn. State Coll. Mineral Inds. Expt. Sta. Circ. 16 and 
Tech. Paper 136. 

* Clendenin, J. D., K. M. Barclay, and C. C. Weight, The Technical and Economic Aspects of the 
Use of Anthracite Fines in By-product Coke Production, Penn. State Coll. Btdl., Mineral Indue. Expt. 
Sta. Circ, 16, 1944. 
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plants are known to be using about 5 per cent No. 5 buckwheat anthracite in their 
coking blends, and a number of foundries are now operating on such cokes. 

For carbonization in regular by-product ovens, the use of more than 20 per cent 
anthracite in the blend has not proved feasible for the production of coke. Additions 
of anthracite in excess of about 10 per cent affect the size distribution and physical 
properties of the coke adversely. Maximum upgrading in shatter index of the coke 
is reached at about 10 per cent anthracite, while the tumbler-test stability and hard¬ 
ness factors appear to show slight but progressive decreases with increasing additions 
of anthracite. 

Yield. The use of several per cent of anthracite will permit a reduction in the 
coking time and consequently an increase in throughput, conservatively estimated to 
amount to at least 10 per cent. The increased throughput will vary with particular 
conditions, and there is no evidence to indicate that increasing the percentage of 
anthracite will permit further reductions in the coking time. Within the admixture 
range of 0 to 10 per cent anthracite, the yield of coke has been found to increase 
approximately 0.1 per cent for each per cent of anthracite added to the blend. 

Effect on Gas Yield. The yield and heating value of the gas from the carbonization 
of anthracite is less than that from an equal weight of bituminous coal. For low- and 
medium-volatile anthracites the yield and thermal value of the gas may be expected 
to average about 5.3 million cu ft and 1.8 million Btu respectively, per ton of coal. 
Additions of anthracite to bituminous coal will therefore reduce both the yield and 
quality of the gas per unit weight of blend carbonized. The reduction in volume 
per unit weight of blend carbonized is about 0.5 per cent for each per cent of anthracite 
added, while the reduction in thermal value is about 0.6 to 0.7 per cent for each per 
cent of anthracite added. Because of the increased throughput, however, the use of 
anthracite permits an increase in the daily gas production. Calculated to an equiva¬ 
lent heating value, the increased daily gas production may reach as much as 5 to 6 per 
cent. Additions of anthracite greater than 11 per cent result in a decreased yield of 
gas on both the daily and the per ton of coal or coke basis. 

Effect on By-products. Available data suggest that anthracite has no residual 
value'for the production of by-products other than gas and may be considered as an 
inert diluent. The by-product yield per ton of blend carbonized is therefore inversely 
proportional to the percentage of anthracite used in the blend. As with gas yield, 
however, the increased throughput counteracts the decrease in unit weight, and 
increases in the daily by-product yield up to about 5 per cent should be possible with 
the smaller percentages of anthracite. Addition of anthracite in excess of 8 per cent 
will probably result in a decrease in daily yield as well as the yield per ton of coal or 
coke. 


Advantages and Disadvantages of Blending Anthracite' 

Clendenin and Kohlberg list and discuss the following reasons for and against 
blending anthracite with bituminous coal for the manufacture of coke: 

Reasons for Blending Anthracite 

1. With proper blending, there is an increase in the percentage yield of foundry¬ 
sized coke. 

2. Increased daily yield of foundry coke by use of higher flue temperatures and 
shorter coking times is feasible. 

3. Small increase in percentage yield of total coke is noted. 

4. Coke strength and hardness as measured by the shatter test are increased. 

1 Clbndentn, J. D., and Joseph Kohlberq, The Blending of Anthrafines in Coke Production, 
Penn, State Coll, Tech. Paper 136, 1948. • 



BLENDim COALS FOR COKINO 


i67 


5. Greater uniformity of coke size is obtained. 

6. There is an additional source of available coal. 

7. No additional pulverizing and screening equipmtent is needed. * 

8. Possibly, more rapid heat transfer in oven charge is induced. 

9. Relief from excess oven pressure of low-volatile coals in mix can be secured by 
substitution of fine anthracite for part of the low-volatile coal. 

10. Some evidence suggests that substantial proportions of certain Illinois coals 
can be used in four- and five-component blends with fine anthracites to produce 
suitable cokes. 

11. Tests and experiments indicate that, in addition to the importance of super¬ 
ficial surface of the additive in blending, intrinsic (surface) properties of fine anthra¬ 
cites may be a significant factor. 

Reasons against Blending Anthracite. 

In listing potential disadvantages of 
blending anthracite fines, Clendenin and 
Kohlberg^ carefully refer to them as 
'Hhose most commonly put forth” as 
distinguished from their having been 
developed in the investigation at hand. 

Nevertheless, the following do represent 
the opinion of many coke-plant operators 
as to possible disadvantages: 

1. The yield of gas and coal chemicals— 
tar, light oil, and ammonia—is decreased 
when fine anthracites are used. 

2. The yield of coke breeze is increased. 

3. The abrasion strength or hardness 
of the coke as measured in the tumbler 
test is usually decreased. 

4. The ash content of the coke may be 
or is assumed to be increased. 

5. Additional coal-handling problems 
arise, including those with wet and frozen 
fines; windage losses increase; and an 
additional bin and extra equipment are 
needed for the additional component. 

6. Possible alteration of the cell 
structure of the coke and changes in coke 
porosity may occur. 

7. Yield of salable coke is decreased 
when coke must be crushed for production 
of smaller sizes. 

Similarly, as with reasons in favor of 
blending the fine sizes of anthracite, most of these may be applied with equal force 
to the blending of coke breeze. 

Clendenin and Kohlberg^ discuss these reasons against blending in some detail; 
and, though the following are not quotes, they may be said to summarize their find¬ 
ings: (1) It is admitted that anthracite has no residual value with respect to tar, 
ammonia, and light oil, but the net decrease in yields is very slight where small pro¬ 
portions of anthracite are used. (2) The increase in breeze yield is probably true, But 
it is felt that it can be controlled by careful anthracite selection, pulverization, blend- 

1 hoc. ciJt. 



100 96 92 88 64 60 

Percent of 80-20 blend 
(all coals on the as carbonized basis) 

Fig. 6-10. Effect of anthracite on yields of 
by-products from a blend of 80 per cent 
Powellton and 20 per cent Pocahontas 
No. 4. {Clendenin, Barclay, and Wright.) 
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ing, etc, (3) The strength and hardness are affected by blending but can undoubtedly 
be influenced by care in mixing, experience in blending, and other factors that will be 
gained by continued experience. (4) Increase in ash content is felt to be more 
apparent than real, since it may be in the order of only about Jlo of 1 por cent. (5) 
Handling problems depend entirely on local plant conditions. (6) Charges that 
anthracite has a deleterious effect on cell structure would seem to be without serious 
basis in fact. (7) Decreased yield of salable coke where crushing is practiced is a real 
objection but has no bearing where crushing is not needed. 

Type of Anthracite Suited. The proper selection of a suitable anthracite is an 
important consideration. The use of anthracites of a soft, friable, or decrepitating 
nature is to be avoided. A hard anthracite, free from undesirable friability and 
decrepitation, should be used. 

Although anthracite fines may contain a high percentage of ash, the preparation of 
No. 5 buckwheat size generally produces a product which is suitable for blending 
purposes; and, where the percentage of anthracite does not exceed about 10 per cent, 
no marked increase in the ash content of the coke is produced. Replacing a bitu¬ 
minous-coal blend, which produces coke containing from 6 to 8 per cent ash, with 
anthracite containing 83 per cent fixed carbon plus ash, will, for each per cent of 
anthracite replacing the bituminous-coal blend, result in the following increases in 
the ash content of the resultant coke: 


Per Cent 

Ash in Anthracite 
10 
15 
20 


Per Cent Increase tn Ash per 
1 Per Cent Anthracite Used 
0 06 
0 14 
0 20 


The ash content of coke made from coal blends of bituminous and anthracite is 
expressed more fiexibly in the following equation: 


Per cent ash in coke 


(A X a) -f (R X &) 4* (C X c) 
{A X X) + (R X F) -f (C X Z) 


where A, B, and C refer to the percentages of the component coals used in the coking 
blend 

a, 6, and c refer to the ash contents of the original coals 
X, F, and Z refer to the percentages of coke from the component coals when 
coked individually 

Impurities. No difficulty should be experienced with the sulphur and phosphorus 
in anthracite, because these elements are present in amounts smaller that those usually 
found in bituminous coking coals. Since the ash-fusion temperature of anthracite ash 
is usually high, no trouble is likely to be encountered. 

Sizing. Recently it has been shown that anthracite fines of No. 5 buckwheat size 
(approximately 20 by 100 mesh), will produce a satisfactory blend for foundry and, 
possibly, blast-furnace use. It is essential that oversize anthracite particles be absent, 
since they tend to cause points of weakness in the coke. 

Thorough Mixing Essential. One of the principal causes of poor results in the 
carbonization of mixtures of anthracite fines and coking bituminous coals is the failure 
to mix the component fuels intimately. The anthracite particles must be thoroughly 
dispersed throughout the bituminous coal if satisfactory agglomeration of the mass is 
to be obtained. Segregation of anthracite frequently produces localized weaknesses in 
the coke. 
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Fig. 6-11. Relation between per cent of anthracite in blend and size distribution of the 
coke. {Clendenin, Barclay^ and Wright.) 

Table 6-17. Effect of Anthracite on Physical and Chemical Properties of Coke^ 


Test No. 

I 

II 

III 

Blend, per cent: 




High-volatile bituminous... . 

75 

75 

80 

Low-volatile bituminous. . . 

25 

20 

15 

Anthracite ... 

0 

5 

5 

Coal blend analyses: 




Moisture, per cent . ... 

4 1 

4.6 

4.6 

Volatile, per cent. 

29 4 

28 1 

28.4 

Ash, per cent ... i 

7 2 

7 5 

7 7 

Sulphur, per cent. ... 

0 63 

0 57 

0.61 

Analyses of coke: 




Volatile, per cent. . ... 

0 3 

0 4 

0.3 

Ash, per cent. 

8 9 

9 0 

8.8 

Sulphur, per cent. 

0 52 

0.48 

0.49 

Screen test (run of oven): 




On 3)^-in., per cent. 

28 0 

55 6 

45.1 

On 3-in., per cent. 

49.0 

72.2 

60.8 

Sp gr of coke: 




Apparent. ... 

0 94 

1 01 

0.98 

True. ... 

1 91 

1 83 

1.87 

Porosity, per cent . . 

51.1 

45.3 

47.8 

Shatter index (foundry size) cumulative per cent on 2 in.. 

74.2 

89.0 

84.0 


^ CiiBNDENiN, Barclay, and Wriqht, loc. cit. 

The coking time reported in each of these tests was 16.8 hr, in 17-in. ovens. 


PETROLEUM COKE' 

Petroleum coke is the residual from the distillation of oil. In continuous or batch 
stills, and in certain points in other refining processes, coke builds up on the bottom 

> Mantbll, C. L., “ Industrial Carbon,” 2d ed., pp. 21^222, D. Van Nostrand Company, Inc., 
New York, 1946. 
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or hottest part of the heated shell and is periodically removed during shutdown 
periods. Petroleum coke consists largely of pure carbon with small percentages of 
ash, probably from impurities and fine sand in the crude, and varying percentages of 
undesirable sulphur, depending on the source of the crude. (Sulphur from Mexican 
crude is usually high.) Petroleum coke is shiny and oily in appearance, hard and 
brittle. 

Since petroleum coke is a manufactured” by-product, its composition and size 
vary considerably as with the type of crude, the type of still, the process, the tempera¬ 
tures in the still, and the location of the coke in the still. For instance, coke formed 
adjacent to the shell of the still is known as shell coke,” and it is usually higher in ash 


Table 6-18. Typical Analyses and Grindability of Petroleum Cokes^ 


Type of coke 

Process 

Volatile 

matter 

Fixed 

carbon 

Ash 

Fusing 

temp 

Grind- 

ability 

Petroleum pitch. 

Holmes Manley 

59 10 

40.70 

0 20 

2185 

175 


Dubbs 

14 00 

85 75 

0 25 


140 


Holmes Manley or Badger 

7 70 

92 00 

0 30 

2150 

128 


Dubbs 

14 40 

83 35 

2 25 


127 

Cracking still. 


12 20 

85 75 

0 25 


123 

Pressure still. 


15 35 

84 05 

0 60 

2555 

120 

Cracking still. 


8 00 

90 10 

1 90 

2160 

108 


Dubbs 

8 95 

90 45 

0 60 

2095 

106 

Coke-still coke. 


11 95 

87 60 

0 45 

1975 

103 

Coke breeze. 


10 05 

89 39 * 

0 60 

2000 

102 

Hard-lump coke. 


9 15 

90 65 

0 20 

2060 

99 


Dubbs 

10 42 

88 78 

0 80 

1995 

90 


Holmes Manley 

10 90 

88 55 

0 55 

1970 

87 


Dubbs 

9 60 

88 25 

2 15 


82 

Coke-still breeze. 


10 70 

87 85 

1 45 

1875 

73 

Coke-still coke .. 


6 65 

93 20 

0 15 

2030 

73 

Coke-still coke 

Isom 

10 76 

81 39 

1 71 


71 

Coke-still coke . .. 


8 30 

91 05 

0 65 

2055 

63 

Pressure still 


12 10 

86 60 

1 30 

2535 

58 

Stack petroleum coke 


12 30 

86 85 

0 85 

2160 

57 

Coke-still breeze 


8 80 

90 85 

0 35 

2090 

47 

Coke-still coke. 


13 70 

86 20 

0 10 

2070 

46 

Coking mixture of re¬ 







duced coke , . 


9 80 

89 35 

0 85 

2025 

46 

Coke-still coke 


6 35 

91 35 

2 30 

2220 

45 

Coke-still coke. .. 

' 

4 90 

95 45 

0 05 


42 

Coke heel .... 


5 95 

89 05 

5 00 

2025 

37 

Cracking-coil coke. 


6.80 

92 90 

0 60 

2460 

37 

Coke-still coke 


6 20 

93 75 

0 05 


35 

Stack coke .. 


7 95 

91 90 

0 15 

2950 

33 

Coke-still coke. 


2 95 

96 85 

0 20 


31 

Caustic-tar butts .. .. 


13 50 

80 10 

6 40 


25 


1 Hargrove, R. M., Grindability of Coal, Trans. ASME, 1931, p. 43. 


and soluble salts than coke formed higher in the still, probably because of a mechani¬ 
cal separation of these solids during formation. 

The low ash content of petroleum coke is frequently a disadvantage when it is used 
as a fuel on grates, since, without the protective coating of the relatively cool ash, 
grates are very likely to burn and warp at a much greater rate than with higher ash 
fuels. Asphaltic coke, as produced in cracking units, varies in volatile according to 
its location in the still. It is friable and dirty to handle, and frequently degradates to 
powder on weathering. This type of coke is thus unsuited to lump burning, but it is 
suited to firing in pulverized form. 

On the other hand, coke from batch stills usually consists of a large percentage of 
carboid coke, which withstands handling and transportation and is thus suited to 
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bulk firing as well as being in considerable demand for the production -of electrodes 
and various industrial carbons. 

It has been found that coke derived from paraflin-base oils graphitizes to a lower 
resistivity and gives a more unctuous graphite. This coke is usually preferred for 
industrial carbons. On the other hand, coke from asphaltic-base oils calcines and 
graphitizes to higher resistances and is apt to be a stronger, more abrasive material. 
Brush manufacturers take advantage of these differences to produce various grades of 
product. 

Asphaltic coke and carboid coke are separate and distinct products, almost as differ¬ 
ent as coal and coal coke. The two types are distinguished by their content of vola¬ 
tile matter and asphaltenes. 

Retort Carbon, or “Glance” Coal^ 

Retort carbon, or glance’^ coal, is a very dense form of carbon, produced by the 
deposition of carbon in the upper part of the retorts in the manufacture of coal and 
water gas. It exhibits the luster of a metal, is sonorous when struck, and is a good 
conductor. Ordinarily it is rich in silica, the result of adhering fragments of brick¬ 
work from the retorts. The amount of retort carbon on the market is very small. 

Because of the small quantities as well as the high price, retort carbbn is seldom 
used in making electrodes; its greatest use is in the manufacture of carbon brushes, 
where its hardness and the sharp edges of its particles are employed to give a cutting 
grain to the texture of the brush and a degree of abrasiveness after graphitizing. 

Pitch Coke® 

Pitch coke is produced as the result of the destructive distillation of pitch, which 
comes mostly from coal tar. It has much the same properties as petroleum coke. 
It is low in ash and high in fixed carbon. In every place where petroleum coke is used 
it can be replaced by pitch coke. As the supply of petroleum coke grows less, because 
of changed methods of oil distillation, its place will probably be filled by pitch coke. 
What is needed is the production of a pitch coke with a volatile matter so low (0.5 
per cent) that it needs no calcination. 

FUEL BRIQUETTES® 

Fuel briquetting, a term applied to processes for agglutinating fine sizes of coal, 
lignite, or other fuels so as to make composite larger sizes, has as its principal objective 
beneficiation of the fuel by providing a resultant size that can be more readily handled 
and burned in conventional eqiiipment. 

Stillman lists the following materials as being adaptable to beneficiation through 
briquetting: peat, lignite, bituminous coal, anthracite, charcoal, coke breeze, sawdust, 
wood waste, lampblack, petroleum coke, lignite char, bagasse, straw, husks, shells, 
grain hulls, seeds, and wood chips. 

Commercially anthracite, bituminous coal, brown coal (Europe), and lignite account 
for virtually all the briquetted tonnage, any of the others being for special purposes 
or local disposal. 

Heat, pressure, binders, or combinations of the three are the mediums employed 
for securing the necessary cohesion, the choice depending almost entirely upon the raw 
materials used and the stability of the product desired. 

1 Mantbll, C. L., op. cU.y p. 222. 

* Mantbll,, C. L., op. cU., pp. 219-222. 

» Mitchell, David R., editor, “Coal Preparation,” p. 665, AIME, New York, 1943. Stillman. 
Albert L., “Briquetting,” The Chemical Publishing Company, Inc., Brooklyn, 1923. “Minerals 
Yearbook,” U.S. Bureau of Mines, 1946, 1946. 
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Binders Required. In Europe, brown coals have been briquetted for years without 
binders. Similarly, some bituminous coals may be briquetted by heat and pressure 
alone without a binder, while others cannot. Briquetting anthracite without a binder 
is impo^ible, since it is noncoking and does not become plastic when heated. Amer¬ 
ican lignites usually require binders and, in fact, are most satisfactorily briquetted 
after having been carbonized or reduced to char. (It has been asserted that some 
Canadian lignites may be satisfactorily briquetted without binders.) 

Currently only one out of the 35 briquetting plants in the United States is attempt¬ 
ing to briquette either bituminous or anthracitic coals without a binder, and in this 



Year 

Fig. 6-12. Production of briquettes and plants in operation. {'^Minerals Yearbook,'* 
U,S, Bureau of Mines, 1945 .) 


instance the output (from low-volatile bituminous coal) is used locally so that an 
optimum degree of stability may not be required. 

Binder Materials. While a wide variety of materials has been both tried and used 
as binders for briquettes, ^ the American briquetting industry has virtually standard¬ 
ized upon petroleum asphalt. Several refining companies are in a position to furnish 
products especially for this purpose which have (1) good cementing strength, (2) 
water resistance, (3) toughness, and (4) freedom from sulphur and paraffin. The 
usual weight percentage of binder to raw coal is 5 to 7 per cent. 

It is sometimes advantageous to use two binders, a main or “primary*^ binder as 
added to the dried and preheated coal such as asphalt, coal tar, or pitch; and a ^^sec¬ 
ondary binder such as flour or starch, added as either a paste or dry and heated with 
the coal in a preheater, to reduce appreciably the quantity of bituminous binder. 


^Stillman, Aiasrt L., “Briquetting,” Chemical Publishing Company, Inc., Brooklyn, 1923, gives 
a very complete discussion of various binder materials and their effectiveness. 
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The briquettes are stronger and cleaner and produce less smoke than when asphalt 
alone is used. 

Some processes, notably the Hite process, use the starch as a primary binder^and 
pitch as the secondary binder, to act as a waterproofing agent, since starch is not 
waterproof. 

Sulphite liquor is sometimes used as a binder; but, although it produces a strong 
clean briquette, it is not waterproof. Carbonizing for 20 min at 600®F will char the 
sulphite liquor and produce a weatherproof briquette but will also weaken it. 

In briquetting anthracite, the use of either coal-tar pitch or asphalt alone, as a 
binder, produces sufficient smoke to make the product inferior to the raw coal. Some 
process like the Hite process to reduce the amount of asphalt required is thus advisable. 
Even so, it is frequently difficult to produce a satisfactory briquette from some of the 
harder types of Pennsylvania anthracite, so that some bituminous coal is usually 
added. 

When using flour paste, the large quantity of water required necessitates drying the 
briquettes at a temperature of 250°F before they are suitable for marketing. 


Table 6-19. World Production of Fuel Briquettes^ 

(In metric tons) 


Country 

1939 

1944 

1945 

1946 

Algeria 

103,470 

85,000 

101,756 

98,320 

Australia (Victoria) 

421,254 

435,727 

462,380 

512,349 

Belgium. 

1,561,210 

456,990 

787,530 

a 

Bulgaria.... 

88,496 

a 

a 

a 

Canada .... 

62,242 

277,707 

275,625 

298,960 

Czechoslovakia: coal 

508,000 

464,000 

a 

a 

Lignite 

333,000 

328,000 

a j 

a 

Eire . 

a 

123,749 

118,558 

a 

France... 

8,364,000 

1,588,490 

3,531,530 

5,399,430 

Germany: coal 

6,950,000 

6,418,000 


a 

Lignite 

44,930,000 

61,549,000 

a 

a 

Hungary: coal 

509,300 

a 

a 

a 

Lignite 

51,600 

20,450 

13,450 

33,670 

Indo-China, French 

185,400 

17,600 

a 

a 

Italy 

83,052 

a 

a 

a 

Netherlands: coal 

1,268,926 

608,316 

412,571 

725,859 

Lignite 

68,607 

42,959 

35,757 

43,655 

Netherlands Indies 

85,079 

a 

a 

a 

New Zealand 

29,889 

12,661 

9,941 

13,183 

Poland 

465,390 

765,217 

93,078 

529,084 

Portugal 

a 

1 a 

72,177 

a 

Rumania 

245,487 

a 

a 

a 

Spain . 

789,815 

924,862 

1,049,520 

a 

Tunisia. 

83,989 

1,430 

16,619 

32,347 

Turkey. 

14,792 

34,276 

23,692 

a 

United Kingdom 

813,810 

883,974 

1,002,333 

1,567,664 

United States: briquettes 

809,398 

2,236,163 

2,505,816 

2,725,193 

Packaged fuel 

195,504 

159,455 

188,823 

173,198 

Yugoslavia 

132,466 

a 

“ 

a 

Totals** 

69,158,000 

77,434,000 




1 “Minerals Yearbook,” U.S. Bureau of Mines, 1945. 
« Data not available. 

Reported totals for other years are as shown below: 


1936 

1937 

1938 

1940 

1941 

1942 

1943 

57,255,064 

64,633,680 

64,821,366 

70,374,000 

74,304,000 

73,515,000 

78,511,000 
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Manufacture of Fuel Briquettes in the United States^ 

The output of fuel briquettes in 1946, rising steadily since 1938, reached a new high 
of 3,004,027 net tons. Briquettes were made in 15 states with Wisconsin leading 
(1,511,670 tons), followed by Pennsylvania, West Virginia, and Missouri in that order. 
Thirty-five plants reported production in 1946 with locations as shown in Table 6-20. 


Table 6-20. Location of Briquetting Plants in the United States^ 


Location 

Number 

of 

plants 

Avg 

capacity, 
net tons 

Avg 

production, 
net tons 

Eastern states... 

7 

220,000 

126,000 

Central states 

25 

114,000 

79,000 

Pacific states 

3 

48,000 

46,000 

Avg per plant (capacity and produ<‘tion) 


130,000 

86,000 


^ “Minerals Yearbook,” U.S. Bureau of Mines, 1946. 


Raw Fuels Used. Table 6-21 shows the wide variety of raw fuels used in the manu¬ 
facture of fuel briquettes in 1946. The major fuels used are bituminous coal and 
Pennsylvania anthracite. The former, however, decreased in the period 1942-1946 
from 65 to 45 per cent, while the use of anthracite rose in this period from 16 to 39 per 
cent. 

Table 6-21. Raw Fuels Used in Briquetting Plants * 


Fuel 

Plants 

Net tons 
(1946) 

Fuel 

Plants 

Net tons 
(1946) 

Pennsylvania anthracite 

15 

1,098,999 

Lignite char 

11 

153,900 

Arkansas anthracitic coals 

10 

275,245 

Residual carbon from gas 

31 

Bituminous (low-volatile) 

17 

1,166,043 

Petroleum coke . . . 

3 

15,053 

Bituminous (high-volatile). 

4 

119,356 

Total. ... 

35« 

2,828,596 


* “Minerals Yearbook,” U.S. Bureau of Mines, 1946. 

« Seventeen plants used one kind of fuel only 2 plants used 2 kinds separately, and 16 used mixtures 
of 2 kinds; hence the sum of the items shown exceeds the number of plants. 


Binders. Asphalt binders remain the preferred type in briquetting coal and coke 
and were used exclusively by 30 plants that produced 92 per cent of the fuel briquettes 
made in 1946. Three other plants used (1) asphalt and coal-tar pitch combined, (2) 
asphalt and starch combined, and (3) oil-gas tar pitch. In 1946, two plants used no 
binder, one briquetted the carbon residue from the manufacture of oil gas, and 
one briquetted relatively small quantities of low-volatile bituminous coal for local 
consumption. 

Weight and Shape. Pillow-shaped briquettes weighing less than 5 oz (except for 
an 11-oz, high-volatile bituminous-coal pillow made by Coal Processing Corp., 
Buckner, III.) were made at 32 of the 35 plants in 1946 and comprised approximately 
77 per cent of the total production. Cylindrical (barrel-shaped) briquettes were 
made at two plants, and 18- and 20-oz cubes at one plant. Briquettes weighing under 
3 oz represented 62 per cent of the total production in 1946. 

1 Goodman, Gbrtrudb S., Fuel Briquets and Packaged Fuel Section, “Minerals Yearbook,” U.S. 
Bureau of Mines, 1946. 
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Table 6-22. Percentage of Binder Used 
in Briquetting Plants^ 

Table 6-28. Prevailing Weight of 
Briquettes Produced in 1946^ 

Percentage of 
binder (by weight) 

Plants 

1946 production 

Wwght, oz 

Plants 

1945 production 

Net tons 

Per 

cent 

Net tons 

Per 

cent 

No binder. 

21 



Less than 2. 

3 

34,306 

1.2 

Less than 5. 

3) 



2 and less than 3.. 

16 

1,648,244 

59 7 

5 to less than 7. . . 

16 

2,180,090 

72 6 

3 and less than 4 

6 

669,513 

24 2 

7 to less than 9. . . 

9 

620,287 

20 6 

4 and less than 5 

5 



9 or more. . . 

5 

62,298 

2.1 

10 and less than 16 

1 

410,141 

14.9 

Totals. 

35 

3,004,027 

100 0 

16 and less than 25 

1 







Totals 

32 

2,762,204 

100 0 






1946. 




1 “Minerals Yearbook,” U.S. Bureau of Mines, 





1945. 





Briquetting Lignite 

Despite extensive experimental and field work, it is generally agreed that raw 
lignite, even when dried, is not a good briquetting material. Whether made with or 
without a binder, such briquettes seldom withstand weathering. In burning, the 
light volatile matter distills rapidly, causing the briquette to disintegrate long before 
combustion is complete. As a result, much of the unburned material drops to the 
ashpit, and the balance remains to choke the grates. 

According to E. J. Babcock,^ the most satisfactory, if not the only successful, 
method of briquetting lignite is first to carbonize the raw lignite, so as to remove at 
least a large proportion of the volatile gases as well as the moisture. The residue, 
relieved of its excess of light gas, becomes excellent material for briquetting (see 
Lignite, page 101, for further data on char). 

Carbonizing Lignite for Briquettes. According to S. M. Darling, formerly of the 
U.S. Bureau of Mines, the following points should be observed in making lignite char 
for briquetting: 

1. The carbonized lignite must be cooled, after distillation, without access of air. 
Dumped from the retort, the char ignites immediately, and quenching is extremely difficult. 

2. Lower temperatures than are usual in gas practice are to be preferred in lignitOrdis- 
tillation. Thus a greater yield of liquid products, of higher value, is obtained. 

3. A continuous process of retorting is desirable, and the fact that lignite crumbles 
during carbonization facilitates the design of such an installation. 

4. Because of the crumbling during carbonization, practically all the carbon output of a 
lignite retort must be briquetted, especially if the product is desired for household purposes 

According to the U.S. Bureau of Mines,^ variations in the size to which the char 
is crushed, and the evenness of the crushing, decidedly affect the character of the 
briquettes. 

A finished product with as little void space as possible is desirable; hence if the 
percentage of the larger sized particles is excessive, either a large percentage of binder 
must be used or the briquette will be weak. Briquettes made with a char sized- as 
in Table 6-24 were found to be strong and in every way satisfactory. 

Uniform feeding of lignite char and binder is absolutely essential. Preferably, it 
should be automatic. 

1 Babcock, E. J., U.S. Bur. Mines Bull. 89. 

3 “Investigations of the Preparation and Use of Lignite,” U.S. Bur. Mines Bull. 255. 
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Binders and Admixtures Used. According to J. E. Mills, ^ asphalt, pitch, and 
combined bituminous and flour binders are perhaps the best. Where flour was used, 

the indications were that 1 per cent of flour replaced 2 
per cent of bituminous binder; however, the propor¬ 
tion cannot exceed a certain limit because flour or 
starch alone is not a waterproof binder. If too much 
bituminous is used, the briquettes burn with a smoky 
flame and soften as they become heated; if not enough 
binder is used, they will be weak and handle poorly. 
With an excess of flour, they tend to mold under 
certain conditions. 

Professor E. J. Babcock, of the North Dakota 
School of Mines, found that, in the process of gas 
manufacture, 15 lb of tar could be obtained from 1 
ton of dry lignite, which, when added to the briquette 
mixture, would cut down the necessary pitch admix¬ 
ture to 4 per cent. 

The usual percentages of asphalt or pitch binders range from 5 to 9 per cent, admix¬ 
tures of coking coal from 0 to 15 per cent, and of flour from 0 to 2 per cent. All per¬ 
mutations of these ingredients have been used, with the degree of success depending 


Table 6-26. Comparative Crushing, Abrasion, and Absorption Tests of Lignite-char 
Briquettes and Other Coals ^ 


Kind of fuel 

Crushing strength, 
psi 

Abrasion, 
per cent 

Absorption after 
48 hr immersion, 
per cent 

Lignite-char briquettes: 




Fresh (6 carloads). 

1,050-1,600 

6.1-11.4 

9 3-18.9 

6 weeks, outside storage (2 samples) 

1,050, 1,120 

12 7 

11 2, 13.5 

6 months, outside storage (3 samples) 

1,353-1,479 

2.4-16.9 

14 5-16.0 

1 year, inside storage ... 

1,403 

7.0 

18.1 

Anthracite. 

3,950 



Youghiogheny bituminous coal 

2,595 

5.1 

1.0 

Pocahontas bituminous coal 

1,903 

19 1 

4.2 


1 ''Investigations of the Preparation and Use of Lignite,” U.S, Bur Mines Bull. 255, p. 113. 


Table 6-26. Comparative Drop Tests on Lignite Char Briquettes and Other Coals^ 


Kind of fuel 

Between 2 
and IH in., 
per cent 

Between IH 
and K in., 
per cent 

Finer than 

H in., 
per cent 

Lignite-char briquettes (11 samples) . .. 
Youghiogheny bituminous.. 

92.5-97.5 

82 5 

58.1 

1.25-3.13 

15.63 

18.15 

1.25-4.37 

1.87 

13.75 

Pocahontas bituminous. 



1 U,S. Bur, Mines Bull, 255, p. 114. 

largely upon the results needed. Professor Babcock reports excellent briquettes 
with 5 to 6 per cent pitch, 5 per cent of bituminous coal, and 1 to 2 per cent of flour 
or grain screenings. Abrasion, crushing strength, and other properties are as shown in 
Tables 6-25 and 6-26. 


Table 6-24* Screen Analy¬ 
sis of Lignite Char for 
Briquetting 

(Size of char particles) 


Through 

Over 

Per cent 

10 

20 

30.6 

20 

30 

28.8 

30 

40 

26.4 

40 

60 

13.4 

60 


0.8 

Total... 


100.0 


1 Mills. J. E., "Binders for Coal Briquets,” U.S. Bur. Mines Bull. 24, 1911. 
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Differences in the temperature of the char and the binder have, a marked effect 
upon the blending of the two. Optitnum results have been reported at 160 to 166®F, 
a higher temperature than is customary with other fuels. 

Successful results have been obtained when the moisture content of the ground 
carbonized lignite was 8 to 14 per cent in the mix. 

Yield of Lignite Briquettes. According to the U.S. Bureau of Mines Bulletin 255, 
the yield of briquettes to a ton of lignite can be readily determined when the yield of 
residue (char) is known. For example, if, upon carbonizing, 43.5 per cent or 870 lb 
of char is obtained from a ton of raw lignite, the yield of briquettes containing 9 per 


870 X 100 

cent binder and 5 per cent moisture will be £qq 1,012 lb per ton, equiv¬ 

alent to 50.6 per cent of the raw lignite used. (If the lignite had been carbonized 
merely to expel the water, the yield of the particular lignite used in the example 
would have been 71.8 per cent to represent the maximum possible yield in processing 
this particular lignite to char with no combustion in the retorts.) 

Analysis and Properties of Lignite Briquettes. While the properties of lignite 
briquettes depend entirely upon such variables as the lignite used, char, binder, and 
processing, lignite briquettes can be made that are hard, sufficiently resistant to stor¬ 
age and handling, and that burn similarly to anthracite, with the exception, possibly, 
of some smoking when fresh fuel is added to the fire. 


Table 6-27. Comparison of Properties of Briquettes and Raw Lignite^ 



Briquetted 
lignite char 

Raw lignite 

Ability to endure open-air storage . 

Good 

Slacks decidedly 

Liability to spontaneous combustion. 

Apparently none 

Considerable 

Size . 

Uniform 

Not uniform 

Approx heat value, Btu . 

12,000 

6,000-7,000 

Attention required to control rate of combustion 

Very little 

Considerable 

Fuel loss due to difficulty in controlling the fire 

Slight 

Appreciable 

Fuel loss due to fines passing through the grates 

Very little 

Appreciable 

Loss in weight as sustained by dealers. 

Approx same ae 

Considerably more than 


anthracite 

anthracite 

Relative amount of storage for equal heat values. 

1 volume 

1.7 volumes 

Relative freight on amounts of same heat value. .. 

1 

1.7 

Per cent of ash®. 

12-16 

7 

Relative frequency of charging fuel into heater 

1 

Almost 2 


1 From U.S. Bur. Mines Bull. 255, p. 109. 

« Because of the higher heating value of the briquettes and the difference in combustion efficiencies, 
the actual quantity of ash formed for a definite quantity of recovered heat is not greater with briquettes 
than with raw lignite. 


Table 6-27 can be used in comparing the composition, heating value, character, 
and general utility of the lignite briquettes with other fuels. The degree to which 
lignite is benefited by carbonization is also shown. 

Table 6-28 is a follow-through of lignite-char briquettes, all made from the same 
lignite. Part of the volatile matter was purposely left in the briquettes with the 
intent of making them adapted to a wider range of use. The percentage of volatile 
could have been reduced by further carbonization had this been desired. The varia¬ 
tion in composition between the char and the briquettes is chiefly due to the introduc¬ 
tion of the binder, which is high in volatile and low in fixed carbon, and also to the 
fact that in briquetting a little moisture is necessarily added to the dry char. 

The calorific value of the briquettes is almost double that of the original lignite. 
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Table 6-2$. Comparative Analyses of Lignite, Char, and Briquettes^ 


Fuel 

No. of 
saTuplcs'* 

Moisture, 
per cent 

Volatile 
matter, 
per cent 

Fixed 
carbon, 
per cent 

Ash, 

1 per cent 

Sulphur, 
per cent 

Btu' 

1 per lb 

Lignite. 

7 

36.9 

28 8 

28.9 

5.4 

0.67 

6,563 

Char. 

10 

0.8 

13 0 

72.3 

13.9 

1.14 

11,697 

Briquettes. 

9 

3.3 

20.2 

64.4 

12.1 

1.09 

11,682 


1 “Investigations of the Preparation and Use of Lignite," U,S. Bur, Mines Bull. 255, p. 113. 
o Each sample represents a carload lot. 


Briquetting Charcoal 

Stillman describes two methods of converting comminuted wood into by-products 
and charcoal. One calls for the distillation of the wood in its finely divided form to 
make a resultant finely divided charcoal which is then subsequently briquetted; the 
other calls for briquetting the wood waste and distilling the bricpiettes. The first 
method has the advantage of great rapidity in production of by-products and charcoal, 
but the charcoal must be briquetted, and the briquettes, if wood-tar binder is used, 
should be subjected to a carbonization or distillation process for the removal of that 
binder. He says that it is a proper method of procedure where a good serviceable 
metallurgical charcoal is desired and that the charcoal briquette so secured is far 
better than the usual block-charcoal product. 

PACKAGED FUEL 

Since 1928, a form of briquette has been available on the domestic-fuel market, in 
which lightly compressed cubes of raw coal or s(;rccnings and a binder, usually starch, 
are wrapped and sealed in heavy paper for convenient firing. 

The difference between this ^‘packaged fuel” and briquettes is mainly in that: 

1. The cubes are larger than most briquettes, being from 3 to 5 in. on a side, and 
weighing up to about 3 lb each. 

2. The blocks are not so hard, being formed under relatively low pressure with a 
starch binder. (Some operators use cement, although this increases the ash content 
of the cubes.) 

3. The cubes are neither weatherproof nor structurally strong, for, being wrapped, 
there is not the same need for stability. 

4. The blocks are wrapped in heavy paper, intended for firing without opening the 
package to separate the six cubes commonly contained therein. Packages weigh 
from 10 to 15 lb. 

Advantages of packaged fuel, as cited by the C. M. Eberling Co., principal manu¬ 
facturers of the machinery used for packaging, include: 

1. The total smoking period of packaged fuel, as compared with 3- by 5-in. egg 
coal from the same high-volatile coal, is reduced by one-half; and the amount of 
smoke produced is less than that of the egg at the point of maximum smoking. 

2. Packaged-fuel cubes may be processed so that the coal may be burned with no 
more accumulation of soot than from much lower volatile coals. 

3. Packages can be stacked close to the furnace without the necessity for a coalbin. 
Shoveling is unnecessary, and handling is clean. One or two packages are usually 
sufficient for a charge. 

Cubes made largely from anthracite to the same sizing specifications as had been 
used for bituminous were reportedly much too large for the average domestic furnaces. 
As any breaking of the cubes or even opening of the packages defeats much of the 
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purpose of packaged coal, it is believed that any resumption of effort to package 
anthracite should consider the standard of egg coal as a guide to maximum cube 
sizing (2K6 by in.). 

Manufacture of Packaged Fuel in the 
United States^ 

Processes. As of 1946, 65 of the 70 
active operations used the Eberling 
process (Cleveland, Ohio), 3 used Glenn- 
Smith equipment (rights held by Blaw- 
Knox Co., Pittsburgh), and two used 
Johnson equipment (Johnson Coal 
Cubing Co., Detroit, Mich.).* 

Binders. Per cent of binder in pack¬ 
aged fuel, by weight, ranged from 0.5 to 
5.0 per cent. Starch, averaging about 15 
lb per ton of packaged fuel produced, is 
the principal type of binder used and was 
exclusively employed by 65 of the total 
of 70 plants, producing 73 per cent of the 
total output. Asphalt, averaging 89 lb 
per ton of packaged fuel, was employed exclusively by 3 plants (two using low-volatile 
bituminous and one a combination of low-volatile bituminous and Pennsylvania 
anthracite). A combination of asphalt and starch in the manufacture of petroleum- 
coke cubes was used at 1 plant, and cement was used at 2 plants. 

The Eberling and Johnson processes generally employ a starch binder. The 
Glenn-Smith process uses an asphalt binder, making cubes which are also sold in 
bulk (unwrapped). 

Raw Fuel and Product. Of a total of 187,666 tons of six types of fuel used as raw 
materials, 171,116 tons, or 91 per cent, was low-volatile bituminous as used at 67 
plants. The other five fuels were medium- and high-volatile bituminous, anthracite, 
semianthracite, and petroleum coke. 

Of the eight straight and mixed fuel products produced, 165,734 tons out of 190,919, 
or 86.8 per cent, were exclusively low-volatile bituminous coal. 

PELLETIZING ANTHRACITE FINES 

The Anthracite Institute, with the help of The Pennsylvania State College, has 
done considerable work on the agglomeration of anthracite fines through extrusion 
from a ^‘sausage-grinder” type of machine. While this work has not, as yet, reached 
the “handbook” stage, Paul A. Mulcey, director. Anthracite Institute Laboratory, 
and J. W. Eckerd presented a series of descriptive papers at the 1947, 1948, and 1949 
Anthracite Conferences of Lehigh University. Mulcey and Eckerd’s conclusions 
include: 

1. Pellets, which are sufficiently resistant to impact and abrasion to withstand at 
least nominal handling, can be extruded from high-ash anthracite fines in an auger 
press without an added binder. 

2. The critical factors affecting the quality of extruded pellets are: (d) mixing, the 
most important factor to control and the most difficult to attain; (b) ash content, 

1 Goodman, Gertrude S., loc. cit. 

2 These processes are discussed by V. F. Parry, Technical and Economic study of Packaged Fuel, 
U.S^ Bur. Mines Repts. Invest. 3767, 1944. 


Table 6-29.' Annual Capacity and Piro- 
duction of Packaged-fuel Plants^ 


Year 

Number 
of plants 

Annual 
capacity, 
net tons 

Annual 
production, 
net tons 

1937 

64 

466,000 

146.037 

1938 

76 

600,000 

160,952 

1939 

103 

700,000 

215,507 

1940 

106 

777,000 

284,513 

1941 

103 

698,000 

269,844 

1942 

89 

630,000 

253,048 

1943 

72 

460,000 

215,605 

1944 

68 

428,600 

175,770 

1945 

61 

452,320 

208,143 

1946 

70“ 

530,760 

190,919 


1 “Minerals Yearbook,*' U.S. Bureau of Minesi 
1946. 

“Of the 70 active plants in 1946, 42 had a 
capacity of less than 6,000 tons and 17 between 
6,000 and 10,000 tons. 
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with the strength of the pellets increasing in proportion to the ash content; (c) mois¬ 
ture content; and (d) size consist. 

3. Anthracite pellets ignited readily, maintained combustion at very low rates, 
burned out, and passed through grates without degradation to excessive dust, and 
were considered particularly suitable for traveling-grate stokers (^- and Me-in. 
pellets) as well as for small equipment where moderate burning rates, very low bank¬ 
ing rates, and high acceleration are desirable {%- to %-in. pellets). 

4. At least 50 per cent of the extrusion moisture must be removed for satisfactory 
handling, such as by radiant drying. 

5. Pellets extruded without a binder are subject to degradation in water, hence 
should be protected or waterproofed. '‘Masonex*^ was found an excellent binder for 
strength though not waterproof; cutback asphalt had limited binding qualities, with 
quantities above 3 per cent being undesirable because of smoke and odor. Water- 
gas tars were not satisfactory. 

6. Burning rate of pellets increases with diameter and seems increased by small 
amounts of charcoal and some binders. Rate of heat release increases with ash 
content. 

7. The extrusion machine must have a barrel for high working pressures and a 
ratio of die thickness to port diameter of 4:1. 

8. Power consumption was as low as 6 kwhr per ton, with small quantities of sur¬ 
face-active agents facilitating extrusion. 
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tent of asphalt. Thermal expansion of petroleum products. Thermal expansion 
of petroleum asphalts and fluxes. Specific volume of petroleum vapor. 

Diesel Fuels.. .221 

Sources of diesel fuels. Specifications. 
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PETROLEUM^ 


As early as 3000 b.c. the Persians used an asphaltic pitch to impregnate torches for 
their illuminating systems. This pitch probably came from weathered crude oil 
recovered from surface seepage. Statuary, sculptured from asphalt, has also been 
identified with this period. 

From that very early date until the nineteenth century, very minor quantities of 
petroleum were used. Then sperm oil, used in lamps as an illuminating oil, became in 
short supply, and the destructive distillation of coal for “coal oil” was developed. 
At about the same time, crude petroleum, then called “rock oil,’^ was being recovered 
from surface seepage and sold by itinerant medicine men as a patent medicine. The 
“coal-oil” refiners tried petroleum in their equipment and found that they could 
produce a greatly superior lamp oil. 

Because the original skimming of crude petroleum from lakes and pools was a rather 
costly procedure, Drake and his colleagues drilled the first discovery well in Pennsyl¬ 
vania in 1859 to start a vast new industry. From such a modest beginning, we are 
now producing more than 5,000,000 bbl per day, which represents some 65 to 70 per 
cent of the world’s production. Venezuela, the next largest producer at 1,000,000 
bbl per day, represents some 15 per cent. The Middle East produces only 770,000 
bbl per day but has vast reserves and a large undeveloped area. 


COMPOSITION OF PETROLEUM 

Basically, petroleum is a mixture of hydrocarbons, i.e., of molecules which contain 
only carbon and hydrogen. In addition, there are always impurities such as sulphur 



Methane CH 4 
boil point 
258,9*F 



Normal - heptane 
boilpoint 209.2®F 
octane No.O 



boil.point 2I0.6®F octane No, tOO 


Fig. 7-1. Molecular structure—paraffin series hydrocarbons. (C, A. Rehbein, ASME, 
1948.) 

C. A,, Production of Diesel Fuel Oils, “Diesel Fuel Oils,” p. 6, ASME, 1948. 
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and nitrogen compounds and even metallic compounds such as derivatives of vanadium, 
found to an appreciable extent in some Venezuela oils. 

However, hydrocarbons are susceptible to virtually unlimited permutations apd 
combinations of the carbon and hydrogen atoms, ranging from the simplest fofm, 
methane or marsh gas, to th(^ most intricate groupings and interconnections of the 
basic four atoms of hydrogen centered around an atom of carbon. As each permuta¬ 
tion and combination produces a product of different characteristics, the field of 
discussion of hydrocarbons is absolutely unlimited, and the discussion of even the 
known fuels resulting from the many combinations is far beyond the scope of a 
handbook. 

In general, crude oils vary in composition with respect to the paraffin, naphthene, 
and aromatic groups, and this fact is a basis for their classification. While crudes are 
usually named for their geographical location, their characteristics depend upon 
chemical composition. All crude oils are really a mixture of the three groups; none 
has been found that is purely one scries. The most paraffinic comes from Pennsyl¬ 
vania and is well known for its lubricating-oil content. California and the Asiatic 
area around the Caspian Sea produce oils rich in naphthenes. The aromatic-asphaltic 
type is represented by natural asphalt as found in Lake Trinidad. 

Characterization or Base of Crude Oils^ 

The three structural types of hydrocarbons present in all fuel oils are paraffins, 
naphthenes, and aromatics. The proportions of these differ greatly in crudes from 
different sources. Several rather arbitrary designations used to distinguish the 
various types of crudes express comparative rather than absolute characteristics. 

Paraffin-base crudes are composed principally of paraffins in the lighter fractions 
and of alkyl naphthenes in the heavier fractions. They always contain * ‘paraffin wax, 
which is not, however, composed solely of paraffin hydrocarbons. The asphalt con¬ 
tent may range from a mere trace to an appreciable quantity. The sulphur content 
is relatively low. The specific gravity and viscosity are both rather low, and the 
proportions of straight-run gasoline and of kerosene are usually high. These crudes 
occur chiefly in the Eastern parts of the United States. Pennsylvania and West 
Virginia crudes arc all of this type. 

Mixed-base crudes arc lower in normal paraffins and higher in naphthenes than are 
the paraffm-basc oils. Suli)hur and asphalt contents are higher on the average. 
Mixed-base crudes contain wax, but their specific gravities and viscosities of the 
corresponding fractions arc higher than for paraffin-base materials. Mid-Continent 
crudes are of the mixed-base type. 

Naphthene-base crudes are characterized by a high percentage of naphthenes, a 
relatively high specific graAUty, and the virtual absence of wax. They may be sub¬ 
classified into light and heavy groups, the light crudes containing a relatively high 
proportion of gasoline and little asphalt, with the heavy crudes containing little gaso¬ 
line and high percentages of asphalt. Distillate from a heavy-naphthene crude is 
similar or identical in general properties to that from a light crude. Various naphthene 
crudes have widely different sulphur contents. They occur in Central, South Central, 
and Southwestern areas of the United States. 

The term asphalt base is very indefinite and is not recommended for classifying 
crudes. 

Aromatic crudes contain a relatively high percentage of the lower aromatic hydro¬ 
carbons. This type occurs chiefly in the state of California and often has a fairly low 

1 Griswold, John, Fuels, Combustion, and Furnaces," pp. 32, 33, McGraw-Hill Book Company, 
Inc., New York, 1946. 
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Specific gravity because of a high proportion of material in the lower molecular 
weight or gasoline range. 

The U.S. Bureau of Mines procedure for testing crude oils includes a Hempel 
distillation upon the sample, which is then classified as paraffin, naphthene, or inter- 


Table 7-1. Relative Cost of Transporting Oil by Various Methods^ 


Type transportation 

Ton-miles 

Per cent 

Cost per 
ton-mile 

Water. 

10,378,739,263 

87.92 

so 00063 

Railroad. 

244,358,433 

2.07 

0 01640 

Pipe line (crude) 

744,174,990 

6.30 

0 00477 

Pipe lines (gasoline) 

372,992,210 

3.16 

0.00527 

Trucks. 

64,219,988 

0 55 

0.04873 

Total.. 

11,804,484,884 

100.00 

$0,00162 


' Testimony (Pew) before Temporary National Economic Committee, Part 14, Petroleum Industry, 
See. 1, September, 1939. 

Notb: In 1939 there were no pipe lines of a diameter equal to the Big Inch lines. As the volume of 
produota pump^ through a pipe line varies as the square of the diameter, it is obvious that the costs 
would be materially lower in the larger lines. 
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mediate base according to specific gravities of fractions of designated boiling ranges. 
The UOP characterization factor is also most useful for classifying and correlating the 
properties of oils. Devised by the Universal Oil Products Co., it is dejSned as tjie 



3 

ffi 


O 

c 

o 


ratio of the cube root of the average boiling point in degrees Rankine to the specific 
gravity at 60°F. Numerical values range from about 12.5 for paraffin stocks to 10.0 
for aromatics. 

SCOPE OF FUEL-OIL SPECIFICATIONS^ 

1. These specifications cover five grades of fuel oil for various types of fuel-oil- 
burning equipment. 

2. The fuel oils herein specified shall be hydrocarbon oils free from acid, grit, and 
fibrous or other foreign matter likely to clog or injure the burner or valves. If 
required, the oil shall bo strained by being drawn through filters of wire gauze of 16 
meshes to the inch (U.S. Standard sieve 16, ASTM 1,190 microns). The clearance 
area through the strainers shall be at least twice the area of the suction pipe, And the 
strainers shall be in duplicate. 

3. The various grades of fuel oil shall conform to the detailed requirements shown 
in Table 7-2. It is the intent of these classifications that failure to meet any require- 

1 Referring to NBS, Detailed Requirements for Fuel Oils," CS12-48, Sept. 25, 1948. See Table 7-2i 
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36*37*38*39’40'4I *42 43*44 *45*46 *36*37*38*39*40*41*42 43 44'4546 

Sales of fuel oil to manufacturing Exports of fuel oil 

Fig. 7-4. Sale of fuel oil by uses. 

Pacific Coast Fuel-oil Designations 

In the Pacific C^oast states, a somewhat different designation is used for distillate 
and residual fuel oils than in the remainder of the United States. In place of the 1, 
2, 4, 5, and 6 oils, the Pacific states oils are numbered PS-100, PS-200, PS-300, and 
PS-400. 

According to the Western Oil and Gas Association, the uses and specifications are as 
follows: 
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PS-100. A distillate bil for use in stoves, space heaters, burners for distillate 
burning, spark-ignition engines requiring a volatile fuel, and commonly described as 
stove distillate or stove oil. 

PS-200. A distillate oil for use in furnaces, burners, diesel or semidiesel engines 
requiring a low-viscosity, moderately volatile fuel, and commonly described as diesel 
fuel oil, or burner oil. 

PS-300. A resicfual oil for use without preheating in furnaces and burners requiring 
a low viscosity fuel, and commonly described as light fuel oil, domestic fuel oil, or 
low-viscosity fuel oil. 

PS-400. A residual oil for use in furnaces and burners equipped with preheaters 
permitting a high-viscosity fuel, and commonly described as industrial fuel oil, heavy 
fuel oil, or high-viscosity fuel oil. 

Note: Intermediate grades of oil to be designated as the lower Pacific Specifications 
number. (No mention of sulphur specification.) 

Gravities Corresponding to Pacific Specifications. While no gravities are officially 
specified for any of the oils listed under the Pacific Standards, The Western Oil and 
Gas Association advises that experience indicates fairly close ranges of API gravities: 

Deg API 

PS-100. 35-39 

PS-200.. _28-31 

PS-300 . 10-15 

PS-400 .. 7-17 

Notes on the General Classification of Fuel Oils (Table 7-4). API gravities 0 to 13 
are extremely heavy oils (0 to 9 being heavier than water) which require constant heat 
in the tank and circulation in the pipes to the burners. These oils are semisolid at 
normal temperatures. They are sold as ‘^still bottoms,^^ ‘‘45 per cent asphalt,^^ 
“heavy bunker C,“ and similar designations. Preheat suggested 220 to 260°P\ 

API gravity 10 corresponds to water in weight and specific gravity. 

Blending Fuel Oils^ (Table 7-5). Although it is common practice at the refineries 
to mix two or more oils to produce a blend of a different grade, this is a phase that 
usually requires considerable study and experimentation for the production of a 
desirable product. The heavy residual oils have a tendency to deposit sludge in 
storage; this may be aggravated by mixing oils of different character, as even when 
deliveries from two sources go into the same tank. To avoid trouble, it is wise to 
establish the compatibility of the oils in question. This may be accomplished by 
simply mixing the oils and centrifuging to determine whether the bottom sediment is 
increased appreciably. 

The distillate fuels are produced at the refinery from cracked, cracked and straight- 
run, and straight-run sources, ('areful refining methods are utilized to make products 
, with a high degree of stability to prevent deposits from gum or sludge. To avoid 
trouble, the following very general rules will be helpful: 

1. Straight-run residuals can be mixed with any straight-run product. 

2. Thermal cracked distillates are unstable when blended with straight-run and tend 
to form gum. These mixtures are not normally produced by a refiner. 

3. The catalytic cracked distillates are stable fuel distillates, either alone or blended 
with straight-run distillates that do not contain appreciable quantities of active 
sulphur compounds or organic acids. 

4. Straight-run residuals can be mixed with cracked distillates. 

5. Cracked residuals should be blended with cracked distillates rather than straight- 
run distillates. 

6. Cracked distillate can be added as a third ingredient to mixtures of all straight- 
run products (item 1). 

1 Checked by correspondence with R. D. Bent, Research and Development Department, The Atlantic 
Refining Co., Philadelphia. 
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Table 7-8. Pacific Specifications for Fuel Oils 


PS No. 

Flash point, 
deg F 


Viscosity, 

sec 

Distillation temp 

_1_ 

10% point 

90%. point 

Max 

Min 

Max 

Max 

Min 

Max 

Min 

Max 

Min 

PS-100. ... 

165 

110“ 

0 25 



420 

350 

550 

450 

PS-200. 


150 

0.50 

55fc 

35«» 


425 


600 

PS-300 


150 

1 00 

4(K 

25*^ 





PS-400. ... 

i_ 

150 

2 00 


60« 






“ Or legal. 

t Seconds Saybolt Universal at 100®F. 
« Seconds Saybolt Furol at 122®F. 


Table 7-4. General Classification of Fuel Oils* 

(With range of gravities, heat values, and comparison of old specifications, CS12-40, with those of Sept. 25, 1948, CS12-48) 




Present specifications, CS12-48 

Former specifications, CS12-40 

Trade 

No. 

Principal use 

Gravity, 
deg API 

Lb/gal 

Btu/gal 

Gravity, 
deg API 

Lb/gal 

Btu/gal 

1 

A distillate oil intended for 
vaporizing pot-type burners 
and other uses requiring a 
volatile fuel 

35-40 

6 879-7 085 

135,800-138,800 

38-40 

6 879-6 960 

135,800-137,000 

2 

A distillate oil for general-pur¬ 
pose domestic heating for use 
in burners not requiring No. 
1. Moderately volatile 

26 34 

7 128-7 490 

139,400-144,300 

34-36 

7 043-7 128 

138,200-139,400 

3 

Formerly, a distillate oil for 
use in burners requiring a 
low-viscosity fuel. Now in¬ 
corporated as part of new 
No 2 oil 




28-32 

7 215-7.396 

140,600-143,100 

4 

An oil for burner installations 
not equipped with preheat¬ 
ing facilities 

24-25 

7 538-7 587 

145,000-145,600 

24-26 

7 490-7 587 

144,300-145,600 

5 

A residual-type oil for burners 
equipped with preheating 
facilities. Sold as Bunker 
B. Preheat suggested 170 
to 220“F 

18-22 

7 686-7 891 

146,800-149,400 

18-22 

7.686-7 891 

146,800-149,400 

6 

An oil for use in burners 
equipped with preheaters 
permitting a high-viscosity 
fuel. Bunker C. Preheat 
suggested 220 to 260°F 

14-16 

7 998-8.108 

150,700-152,000 

14-16 

7.998-8 108 

150,700-152,000 


As gravities are not included in commercial standards (excepting minimum gravities of 35 for No. 1 oil and 26 for No 
2 oil) this table is unofficial, based on trade practices under code CSl^O. 


Codes Specified for Testing Fuel Oils^ 

1. The requirements enumerated in the specifications CS12-48 (ASTM D396-48T) 
shall be determined in accordance with the following methods of testing of the ASTM, 
except as may be required under paragraph 2. 

* For conformity to NBS CS12-48, and the identical ASTM D396-48T. Complete information 
regarding the procedure for making the tests specified, but not included in the tests below, is to be 
found in the publications of the ASTM. 
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Table 7-6. Check Chart for Blending Fuel Oils 



-1 

Distillates 

Residuals 


Straight 

Cracked 

Straight 

Cracked 

Distillates: 

Straight. 

Thermal cracked.. 

Catalytic cracked.. 

Residuals: 

Straight .... | 

Cracked . 

No 

Yes 

Yes 

No 

Yes 

Yes 

Yes 



Body of chart shows whether it is generally well to mix oils shown at top and side. 

2. Flash Point. The flash point, instrument, and method for determining mini¬ 
mum flash shall be those legally required for the locality in which the oil is sold. In 
the absence of legal requirements, the minimum flash point shall be determined in 
accordance with the Standard Method of Test for Flash Point by Means of the 
Pensky-Martens Closed Tester, ASTM D93-46. 

3. Pour Point. Standard Method of Test for Cloud and Pour Points, ASTM 
D97-47. 

4. Water and Sediment (for Grades 1 to 5, inclusive). Tentative Method of Test 
for Water and Sediment in Petroleum Products by Means of ('Cntrifuge, ASTM 
D96-47T. 

Water by Distillation (for Grade 6). Standard Method of Test for Water in 
Petroleum Products and Other Bituminous Materials, ASTM D95-46. 

Sediment by Extraction (for Grade 6). Tentative Method of Test for Sediment in 
Fuel Oil by Extraction, ASTM D473-46T. 

6. Carbon Residue. Standard Method of Test for C'arbon Residue of Petroleum 
Products (Ramsbottom ('arbon Residue), ASTM D524-42. 

6. Ash. Standard Method of Test for Ash C/Ontent of Petroleum Oils, ASTM 
D482-46. 

7. Distillation. Distillation of Grade 1 oil shall be made in accordance with the 
Standard Method of Test for Distillation of Gasoline, Naphtha, Kerosene, and Other 
Similar Petroleum Products, ASTM D158-41. 

8. Viscosity. Kinematic Viscosity for Grade 1, Tentative Method of Test for 
Kinematic Viscosity, ASTM D445-46T. Saybolt viscosity for grades 2, 3, 4, 5, and 6. 
Standard Method of Test for Viscosity by Means of the Saybolt Viscosimeter, ASTM 
D88-44. 

9. Gravity. Standard Method of Test for Gravity of Petroleum and Petroleum 
Products by Means of the Hydrometer. ASTM D287-39. 

10. Corrosion. Standard Method of Test for Detection of Free Sulphur and 
Corrosive Sulphur (impounds in Gasoline, ASTM D130-30 (except for interpreta¬ 
tion of exposed copper strip). 

PETROLEUM TERMS, TESTS, AND CHARACTERISTICS AND 
SIGNIFICANCE OF TESTS ON PETROLEUM PRODUCTS^ 

The utility of petroleum products depends to a large extent upon their physical 
characteristics, since petroleum is an extremely complex raw material. Not only is 

i**The Significance of Tests of Petroleum Products,” ASTM, Philadelphia, 1946. Abstracted by 
permission of ASTM. For a more comprehensive description of the significance of tests on petroleum, 
see latest current edition of the above. For methods of testing, see specific tests of ASTM as, for 
instance, those listed in Table 7-7. 




Table 7-6. Typical Properties of Petroleum Products^ 
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Distillate fuel oils 

Premium 

diesel 

oil 

37.1 

2 

360 

426 

502 

585 

646 

i 

164 

35.1 

55 8 

0.41 

52 

0 07 

No. 2 
fuel oil 

lO 

o rH »0 1 -H 

lo’cdoo 0»0 000 1^0 

eo <0 CMOOikO 

CO •<<»< *C »0 to fH 

Kerosene 

41 9 
+28 Say 
336 

370 

437 

510 

546 

130(TCC)& 

0 037 

6 01 

Fuel-oil-blending stocks 

NaOH- 
treated 
catalyt- 
ically 
cracked 
gas oil 

24 5 

1 5 
430 

482 

520 

570 

610 

99 0 
200+ 
35.7 
38.0 
0.82 

37 

0.25 

Acid- 
treated 
ther¬ 
mally 
cracked 
gas oil 

»0 N 

»0 O to CO »0 Cl 

•Odd 05'^0idosod»-'0 oo 

eo oo» 0 '^dO»toco*f 

eo eo lO to 

Untreated 
heavy¬ 
weight 
gas oil 

36 2 

2 

458 

1 510 

552 

601 

647 

99 0 
200+ 

39 5 
60.0 
0.18 

58 

0.025 

Acid- 

treated 

hea\'y- 

weight 
gas oil 

1— » 

oo O b- o o o 

eOdO b.00-rt»'^0»0b-00i-l b-O 

eo 00 eo»-<«-'b-o>OieO'»t -t< 

CO 'if ‘0 to to »H 

Dry- 
treated 
light 
gas oil 

00 to 

b- O O O »0 rH 

os»-HO ostoorfoioodio© od 

eo 'f 00 d ^ t-Oft'f eo »o 

eo CO't »0 M5 rH 

Gasolines 

Premium 

63 

91 

118 

208 

330 

410 

0 087 
i 81 

1 

House 

brand 

63 

92 

121 

215 

320 

397 

0 1 
76 

2 


Gravity, API, @ 60®F. 

Color, NPA scale No. 

Initial boiling point, deg F. 

Distillation: 

10% recovered at deg F. 

50% recovered at deg F. 

90% recovered at deg F. 

End point, deg F. 

Recovery, per cent. 

Flash (P-M), deg F*. 

Viscosity, Saybolt sec, @ 100®F. 

Diesel index. 

Sulphur, per cent. 

Octane No., ASTM. 

Cetane No., ASTM. 

Conradson carbon residue, (10 per cent bottoms)... 

Gum, ASTM mg/100 ml. 


00 


i 





OP^H 
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little really known about its chemistry, but such chemical tests as do exist serve 
principally to protect against undesirable constituents or impurities. However, 
there are a number of physical tests that are useful to consumers as an index to the 
value or fitness of products for particular uses. 

The proper choice of tests and the assignment of proper numerical values to speci¬ 
fications based on these tests is of fundamental importance. Failure to meet this 
requirement tends to increase the cost of the product to the consumer and adds to the 
burdens of the manufacturer. 

Table 7-7 lists the more common tests by products to which they are most frequently 
applied, and the following paragraphs give a brief synopsis of the significance or 
importance of each test. 


Table 7-7. Usual Application of Various Tests on Petroleum Products^ 

(A, test usually made. B, test sometimes made) 


Name of test 

Principal 
ASTM 
test code 

Crude petroleum 

Gasoline and naphtha 

Illuminating oil 

Fuel oil and gas oil 

Lubricating oil 

Transformer oil 

Grease 

Paraffin wax 

Petrolatum 

Acidity (in gasoline). 

D235-39 


B 








Autogenous ignition temp. 

D286-30 

B 

B 

B 

B 

B 

B 




Burning quality (illuminating oils) 

Various 



A 







Carbon residue. 

D189-41 




B 

A 





Cloud and pour points. 

D97-39 

B 


B 

A 

A 

A 




Color (also D155-45T).. . 

D156-38 


A 

A 

B 

A 

A 


A 

B 

Consistency. 

D217-44T 







A 


A 

Corrosion. 

D130-30 


A 

A 

B 

B 

B 

B 



Dielectrio strength.... . .... 

D117-43 






A 




Dilution (crankcase oil) . 

D322-35 





A 





Doctor test. 



A 

A 







Emulsification.... .... 

D157-36 




B 

A 

A 




Flock test . 




B 







Gravity. 

D287-39 

A 

A 

A 

A 

A 

A 




Grease analysis.... 

D129-40 







A 



Gum (in gasoline) 

D381-44 


A 








Knock characteristics 

D357-45 


A 








Melting point of wax . 

D87-42 








A 


Melting point of petrolatum 

D127-30 









A 

Neutralization No. 

D188-27T 





B 

B 




Oil and moisture (in wax) 

D308-29T 








A 


Oxidation at high temp 






B 

A 




Precipitation. 

D91-40 





A 





Protection test 






B 




B 

Saponification No... 

D94-45 





B 





Sulphur . 

Various 

A 

A 

A 

A 

B 





Thermal value.. .. 

D240-39 


B 

B 

B 






Viscosity. 

Various 

B 

B 


A 

A 

A 




Volatility: 











Flash and fire tests 

1 Various 

B 

B 

A 

A 

A 

A 




Distillation tests 

D86-45 

A 

A 

A 

A 

B 





Vapor-pressure and evapoiatuui 

D323-43 

B 

A 








Water and sediment... 

D96-40 

A 



A 






Wick-feed test ... 

i 





B 






1 *‘The Significance of Tests of Petroleum Products,” p. 2, ASTM, Philadelphia, 1946. 


Acidity (in gasoline). Only acid which could normally be present is sulphuric, 
which is one of the chemicals used in the refining process. Essentially a refiner ^s test, 
as a positive indication rarely occurs with products which have been released to the 
consumer. Presence of free acid obviously an indication of improper refining. 
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Autogenous Ignition Temperature. The temperature of a metal bath just adequate 
to cause ignition of a mixture of vapor and air. A difficult test requiring careful and 
expert interpretation. Results are a close approximation of the minimum ignition 
temperature and thus are of fundamental value for indicating fire and explosive 
hazards and dangerous exposure limits. Used for indicating diesel ignition, subject 
to limitations of conditions of pressure, turbulence, and contamination with products 
of combustion. 

Burning Quality (illuminating oils, kerosene). I^argely practical tests to ensure 
satisfactory operation of oil on a wick burner. Such factors are stressed as^ ability to 
burn for long periods without attention; freedom from fouling the wicks, and provision 
of a strong flame that will not be extinguished by swinging lanterns. Satisfactory 
oils bum with constant size and shape of flame and without clouding or smoking the 
chimney. Obviously important where oil is to be used in wick burners for light or 
heat. 

Carbon Residue. Some oils, upon distillation, leave a nonvolatile carbonaceous 
residue; others do not. Test originally developed for comparison of the carbon- 
forming properties of lubricating oils for internal-combustion engines. In the manu¬ 
facture of gas from gas oil or fuel oil, carbon-residue content of the oil bears a relation 
to the quantity of carbonaceous residue deposited in the carbureting apparatus. 
Also important in connection with certain types of oil-burning equipment and heavy- 
oil internal-combustion engines. Values for carbon residues which are abnormally 
high in relation to other properties of the oil may indicate the presence of heavy 
residual products because of unsuitable refinery methods or contamination. 

Cloud and Pour Points. Petroleum oils become more or less plastic solids when 
sufliciently cooled, because of either the partial separation of the wax or the congealing 
of the hydrocarbons composing the oil. With some oils, the separation of the wax 
becomes visible at temperatures slightly above the solidification point, which is then 
known as the ‘ ‘ cloudpoint. The point at which the oil just barely flows under 
prescribed conditions is known as the ^^pour point.Oils vary widely on these 
characteristics. The cloud point is of value in wic.k-feed service or where a haze or 
cloud would be objectionable. Pour-point specifications are included in order that 
oil may be secured which will not cause difficulty in handling or in use at the lowest 
temperatures to which it may be subjected. 

The color of petroleum products is described and defined in terms of color by re¬ 
flected light or by transmitted light. Color by reflected light in the case of lubricating 
oils is usually referred to as ‘ * bloom or “fluorescence.^' Products on which color 
measurements are made range from the practically colorless to these which appear 
opaque when examined in the neck of a 4-oz oil-sample bottle. Commercial usage 
divides these products into two general classes: (1) so-called “white" products, which 
range from practically colorless to “pale straw," and, (2) “pale straw" and darker. 

Color is important only for such special uses as dry-cleaners' naphtha, pharmaceu¬ 
tical, textiles, and technical white oils. Minor differences in oil color do not indicate 
any difference in burning characteristics. A prevalent fallacy is that pale color 
indicates low viscosity. Color of wax, always determined in the molten wax, is 
important. 

Consistency. Generally considered to refer to the flow-pressure characteristics of 
viscous liquids and of plastic materials, such as petrolatum, greases, soap-thickening 
oils, and pitches, which occupy an intermediate position between viscous liquids and 
plastic solids. Term consistency is sometimes used to include related factors which 
might more properly be described as differences in texture (“smooth," “fibrous," 
“spongy"), elasticity (“tacky," “rubbery"), or ductility (“stringy," “short," 
“cheesy"). The methods of utilizing both grease and petrolatum are so varied that 
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it 18 impossible to generalize on the significance of penetration data except to point out 
that the more fluid the grease the easier it can be fed to, or squeezed out of, a given 
bearing and the less the friction down to the point of its being squeezed out. For 
many of the uses of petrolatum, the penetration figure is a better measure of the 
properties desired than is the more widely used melting point, although the melting 
point is generally, but not always, roughly parallel to stiffness. 

Corrosion. Tests usually involve contact with polished copper, although in some 
instances contact with iron or steel is specified as well. Tests and designations to 
indicate the corrosive properties of the product itself should not be confused with 
those intended to indicate the measure of protection from salt spray or water afforded 
by slushing oils, greases, etc.' The ASTM corrosion test for gasoline intended as a 
safeguard against motor fuels which might attack the metal, is very satisfactory. 
The government corrosion test at 212°F, for lubricating oils, while not so widely used, 
seems to afford a proper degree of protection. The copper-dish test for motor gaso¬ 
line should never be specified as it involves too many variables. 

Dielectric strength refers to the value up to which the electrical stress must be 
brought in order to cause electrical breakdown. Usually expressed as voltage per 
unit length and stated in kilovolts per millimeter or in equivalent units. In test 
methods employing a single breakdown distance, dielectric strength” is often applied 
simply to the voltage at which breakdown occurs. As applied to transformer, circuit 
breaker, and insulating oils, dielectric strength” may be taken as an indication of 
the adequacy of the oils for the electrical stresses they are intended to resist. Test 
also useful for measuring effect of contamination, such as by water, dirt, and con¬ 
ducting particles. 

Dilution of crankcase oils results from less volatile portion of the gasoline passing 
unburned into the crankcase. A function of both the quality of the gasoline and 
operating conditions. Presence of high-boiling constituents in gasoline tends to cause 
dilution; for any given gasoline dilution is governed by engine design and operation, 
the most important being crankcase and water-jacket temperatures. Significant 
effects of dilution are decrease in viscosity and increase in volatility of crankcase oil. 

Doctor Test. A very sensitive chemical test for hydrogen sulphide and mercaptans 
(mercaptans are chemical compounds analogous to the alcohols or phenols but con¬ 
taining sulphur in place of oxygen). Contrary to general belief, the doctor test fails 
to indicate the presence of either free sulphur or total sulphur. For the detection of 
corrosive sulphur compounds, it is decidedly inferior to the copper-strip test. 

Emulsification. The presence of small amounts of some other materials in water 
or oil decreases the natural rate of separation of the two materials and may prevent 
any separation whatever. This phenomenon is known as emulsification. For cer¬ 
tain purposes, as the lubrication and cooling of certain metal tools and the lubrication 
of marine engines, it is desirable that the oil form a relatively stable emulsion with 
water; for other purposes, as in the lubrication of steam turbines, it is highly essential 
that any emulsion separate rapidly and completely. Accordingly, measurement of 
the rapidity of separation is of considerable value. Next to viscosity, it is the most 
important test for steam-turbine oils. 

Analysis of Grease. The most important properties of a grease are physical and 
include suitable consistency and texture, proper heat resistance for a given purpose, 
freedom from corrosive action, and satisfactory film-forming and friction-reducing 
properties. Examination of the individual components of a grease analysis may 
indicate performance expectancy if the needs are well known; but, as interpretation 
is usually difficult, the principal value is to see that the grease is of the general type 
specified and that the variations between different lots and brands are not greater 
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than reasonable. Purchase specifications which include close numerical limits, based 
on an analysis of a particular grease, are unfair to the manufacturer and do not ensure 
the needed product. 

Gum Content. Cracked gasoline, upon exposure to oxygen of the air, as in ordinary 
storage, may undergo oxidation, with the formation of undesirable compounds. 
These compounds are soluble in the gasoline unless a marked aging has taken place 
but, upon evaporation of the gasoline, form resinous materials which are insoluble in 
the gasoline. This residue, called *^gum,’^ is expressed in milligrams of gum per 100 
ml of sample. Gasolines vary in gum stability and thus have varying gum contents 
after a given amount of aging. Similarly, a gasoline of given gum stability may form 
gum at varying rates depending upon the conditions of storage, such as temperature, 
access of air, and presence of catalytic materials. Test methods for gum are not too 
well developed or easy to interpret. 

Knock Characteristics of Motor Fuels. Octane Number, It is believed that gaso¬ 
line knock is due to the autoignition of a portion of the charge in front of the flame. 
The knock characteristic of a motor fuel is now considered one of its most important 
properties. To determine the octane number (or knock index) of a fuel, it is compared 
in a standard continuously variable compression engine, with mixtures of isooctane 
(2, 2, 4-trimethylpcntane) and normal hcptaneJ ^The ASTM octane number of a fuel 
is the percentage of isooctane (expressed as a whole number) in that mixture of isooc¬ 
tane with normal heptane which the motor fuel on test matches in knock character¬ 
istics when compared by the procedure specified. Since isooctane knocks less and 
heptane knocks more than any commercial gasoline, high-octane-number fuels will 
knock less than those with low octane numbers. While severe knocking may result 
in damage to pistons and bearings and loss of power, improvement of the fuel beyond 
the point necessary to eliminate the knock involves unnecessary expense, since it has 
been conclusively shown that such improvement does not increase the performance 
value of the fuel. 

Cetane number is a test to measure ig¬ 
nition quality, principally of diesel oils. 

It is of considerable importance in cold¬ 
starting of diesel engines; not so impor¬ 
tant as other properties as the engine 
becomes heated. In general, the cetane 
number can be increased by increasing 
the average boiling point of the fuel 
mixture. 

Cetane number has no quantitative 
significance; it tells only that fuel A is 
better than fuel B, but not how much 
better. To attach quantitative signifi¬ 
cance to the cetane number, it is neces¬ 
sary to study the performance of the fuel 
under the particular environment of use. 

As cetane number indicates the ease of self-ignition, and octane number the resist¬ 
ance to self-ignition, it is evident that there is an inverse ratio between the two 
(Fig. 7-5). 

Diesel index has also been used as a measure of ignition quality but is in np sense a 
replacement for cetane number. 

Diesel index = (deg F ) 



Fig. 7-5. Relation between octane and ce¬ 
tane numbers. {Martin A, Elliott, ASME, 
1948.) 
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Melting Point of Paraffin Wax and Petrolatum. The melting point of paraffin wax 
is the temperature at which it changes from a liquid to a solid state; of petrolatum, 
the temperature at which it changes from a solid to a liquid condition. The melting 
point required for a wax depends entirely upon the purpose for which it is to be used. 

Neutralization Number. Practically all petroleum lubricating oils contain sub¬ 
stances which have acid characteristics. The proportion of these substances present 
in an oil is commonly referred to as its ^‘organic acidity.'^ The ^^neutralization 
number'' of an oil is defined as the weight in milligrams of potassium hydroxide 
required to neutralize 1 g of oil. 

While it is obvious that the effect of alkali or mineral acid in a petroleum oil is 
deleterious, the practical significance of ^‘organic acidity" is complicated by such 
points as the fact that the neutralization numbers vary greatly with different crudes; 
organic acids normally present are not corrosive or harmful, and some contend that 
organic acids improve the friction-reducing qualities of an oil. It is thus evident 
that the general quality of an oil cannot be evaluated in terms of its neutralization 
number. Specifications should never include limits on this property unless it is 
known that an oil of low organic acidity is required. 

Expressible Oil and Moisture in Paraffin Waxes. As wax is usually separated 
from the containing oil by repeated pressing at low temperatures, the amount of oil 
remaining in or carried through with the wax is a function of the refining process. 
Substantial freedom of the wax from oil is important in the case of wax for candles, 
sealing food products, and other cases where the contamination by exuded oil might 
be detrimental. While exact determinations are difficult, a test for the expressible oil 
and moisture (ASTM D308-29T) more nearly approximates the information desired 
than any other method. 

, Oxidation at High Temperatures. When petroleum oils deteriorate in service, 
this deterioration is generally accompanied by oxidation and the formation of oxida¬ 
tion products. In some types of service, such as the lubrication of steam turbines 
and the insulation and cooling of transformers, the ability of oil to resist chemical 
changes is of prime importance. For different types of service, different tests have 
been proposed. While some of the methods have been developed to a degree that 
the results are moderately reproducible, none has been correlated with service behavior 
to a point that permits standardization for universal use. 

Precipitation Tests. Crude petroleum contains constituents which, for the want 
of a more definite description, are classed as ^‘asphalt." Being nonvolatile, these are 
concentrated in the residual products. If the latter are to be used as lubricants, it is 
necessary to test for the content of asphaltic material. 

The effect of asphalt" content upon the lubricating qualities of an oil is not defi¬ 
nitely known. For certain types of service, there is no question as to the unsuit¬ 
ability of oils which contain appreciable quantities of asphaltic constituents, but on 
the other hand the importance of moderate variations undoubtedly is exaggerated by 
many users. Filtered products, such as the so-called “bright stocks" largely used as 
the constituents of motor oils, contain negligible quantities of asphalt. Another 
group, which includes steam-refined cylinder stocks, is characterized by a moderate 
percentage of material that is insoluble in precipitate naphtha. So-called “black 
oils," which are used for such purposes as the lubrication of gears and car journals, 
usually show precipitation tests that are moderately high. 

Protection Test. Certain petroleum products are used as coatings on metals as 
protection against corrosion. As both the conditions of exposure and the natural 
resistance of the metal may vary widely, no protection test has been developed which 
is applicable to all conditions. Such tests are essentially qualitative, and their inter¬ 
pretation depends largely upon the j\idgment of the observer. 



PETROLEUM TERMS, TESTS, AND CHARACTERISTICS 199 

The saponification number of a fatty or a compounded oil is the number of milli¬ 
grams of potassium hydroxide required to saponify 1 g of the oil. It is a measure of 
both free and combined fatty acids. If it is desired to determine the amount of 
potassium hydroxide corresponding to the combined acids, it is necessary to subtract 
from the saponification number the amount of potassium hydroxide required to 
neutralize the free acids (see Neutralization Number). 

Saponification numbers of the more common fats and fatty oils fall within the ranges 
shown in Table 7-8. Where the number 
is not known, it is customary to use 195. 

Volatility may be defined as the tend¬ 
ency of a product to change from the 
state of a liquid to that of vapor. For 
petroleum products it is usually discussed 
under the following subdivisions: (1) flash 
and fire tests, (2) distillation tests, (3) 
vapor-pressure tests, and (4) evaporation 
test. 

Flash and Fire Tests. The flash point 
of a liquid may be defined as the tempera¬ 
ture to which it must be heated in order 
to give off sufficient vapor to form an in¬ 
flammable mixture with air. The fire 
point may be defined as the temperature 
to which a product must be heated in 
order to bum continuously after the inflammable air-vapor mixture is once ignited. 
The fire-point test is the less frequently used, and in a majority of instances adds 
nothing to the information furnished by the flash test. 

The flash points of petroleum products vary over a wide range. The more volatile 
gasolines and naphthas flash at temperatures considerably below 0®F. Certain 
naphthas, largely used as paint thinners and solvents, have closed-cup flash points 
between 80 and 110°F; kerosene 100 to 160°F; gas oils and fuel oils 150 to 300°F; 
and a majority of lubricating oils 275 to 650°F. 

Flash point is universally regarded as the most important index of fire hazard, as 
well as being an index to the probabilities of ignition. Wide variations in the flash¬ 
point requirements are enforced by various municipalities. In the absence of local 
law, ASTM states that the usual minimum limit for the flash point of fuel or gas oils 
is 100°F for domestic installations and 15()°F fbr industrial installations. The really 
important factor is that the user be thoroughly advised as to the material that he is 
handling so that proper precautionary measures may be used and that there be no 
sudden change in the flash point of materials supplied. 

Distillation tests involve the general procedure of vaporizing the liquid and record¬ 
ing the relation between temperatures and quantity of distillate. As results are 
expressed in terms of a series of figures, expert interpretation is required. 

Laboratory distillation under prescribed conditions gives an indication of the 
volatility and volatility range of the product. The 10 and 90 per cent points, fre¬ 
quently shown, represent the temperatures at which 10 per cent and 90 per cent of 
the product is distilled. The end point, usually also shown, is the maximum ten^pera- 
ture recorded by the distillation thermometer when the distillation is 100 per cent 
complete. 

The 10 per cent point serves as an index of the ease of ignition of the oil; the 90 per 
cent point and the end point are specified to make sure that the oil will volatilize and 
burn completely and produce a minimimi amount of carbon. 


Table 7-8. Saponification Numbers of 
Commercial Fats and Fatty Oils^ 


FcUs or Fatty Oils 

8aponific(Uion No.* 

Lard oil. 

. 192-198 

Tallow. 

. 193-198 

Neat's-foot oil. 

. 193-204 

Fish oil. 

. 140-193 

Sperm oil. 

. 120-140 

Castor oil. 

. 176-187 

Kapeseed oil. 

. 170-179 

Soybean oil. 

. 189-197 

Peanut oil. 


Cottonseed oil.. 

. 191-197 

Blown rapeseed oil. 

. 196-216 

Blown cottonseed oil. . 

. ... 210-225 

Degras. 

. ... 110-210 


i“The Significance of Tests of Petroleum 
Products,” p. 37, ASTM, February, 1946. 

Saponification is defined as the decomposition 
of a fat by alkali, with the formation of a soap, or 
salt of the fatty acid. 
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The following generalities apply to the significance of distillation tests: 

Gasoline should contain enough readily volatile constituents to permit starting the 
engine readily in cold weather; should not contain so large a percentage of highly volatile 
constituents as to result in excessive evaporation, premature vaporization, or vapor lock; 
and should not contain any considerable percentage of relatively heavy constituents which 
will not vaporize properly. 

Natural Gasoline. Three factors of importance are: percentage distilling below 140°F, 
a reference point in blending; freedom from more than traces of absorbent oil, as covered 

by specifying maximum end point; and a 
minimum content of excessively volatile 
constituents, as covered by specifying a 
maximum vapor pressure. 

Kerosene. Distillation does not yield 
much information except when necessary to 
ascertain the presence of fractions of high 
boiling point which may tend to clog or 
crust the wick of the burner. If used as 
an internal-combustion-engine fuel, require¬ 
ments bear a similarity to those of gasoline. 

Gas Oils. Most important function of 
distillation test is to determine its suita¬ 
bility for cracking. Of some use in con¬ 
junction with gravity and other fuels for 
establishing “cracking characteristics” for 
making carbureted water gas. 

Crude Oil and Partly Refined Stocks. 
Distillation test useful for estimating yield 
and quality of finished product. 

Vapor-preasure Tests, The vapor pres¬ 
sure of a substance is the term applied to 
that phenomenon which indicates the 
tendency of the substance to vaporize. 
Is generally expressed in terms of milli¬ 
meters of mercury, pounds per square 
inch, or atmospheres. Vapor pressure 
increases with temperature, and the 
temperature at which the vapor pressure 
of a pure liquid is equal to the standard atmosphere is the normal boiling point of 
the liquid. 

The vapor pressure of mixtures of substances not only is a function of temperature 
but is also dependent on the composition. Each component of the mixture contri¬ 
butes to the total vapor pressure in proportion to its mol fraction and to the vapor 
pressure of the pure component at the temperature of measurement. Since by 
vaporization the composition of the liquid phase is changed, the vapor pressure of 
mixtures will vary with the volume of vapor space. 

Vapor pressure as applied to gasolines is important as to a specification for volatility 
(in conjunction with distillation specifications^ and for safety in transportation. 

Evaporation Test, Specifications for lubricating oils occasionally include a require¬ 
ment limiting the per cent evaporation after heating to a specified temperature for a 
specified time. Known as an evaporation test, the results are likely to be quite 
variable and inferior to the equally informative flash-point and fire-point tests. There 
would thus seem to be no justification for continuing this test. 

Water and Sediment. One of the most important tests made on crude petroleum 
and some of its products. For fully refined petroleum products it is customary and 



Fig. 7-6. Typical distillation curves 
petroleum products. 
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practical to specify freedom from water and sediment, as indicated by the trans¬ 
parency and “bright^* appearance of a 4-oz sample. 

Water and sediment are impurities which are almost entirely excluded in fuel oils 
Nos. 1 and 2 and which are permitted in somewhat larger quantities in fuel oils Nos. 
4, 5, and 6. It is difficult to eliminate them entirely from the latter group, and the 
advantage is not sufficient to justify the cost. Water and sediment are determined 
together by the centrifuge, except for grade 6. 

Ash. The ash test is used to determine the amount of noncombustible materials 
in the oil. These impurities come principally from the natural salts present in the 
crude oil and from the chemicals used in the refining operations, although they may 
also come from scale and dirt picked up from containers and pipes. Some ash-pro¬ 
ducing impurities in fuel oil cause rapid deterioration of refractory materials in the 
combustion chamber, particularly at high temperatures; some are abrasive and 
destructive to pipes, pumps, valves, control equipment, and other burner parts. 

Wick-feed Test. As reciprocating steam engines for marine service are lubricated 
by oil passing through wool wicks to moving parts, it is necessary that the oil contain 
no impurities that would clog the wicks. 


Viscosity 

The viscosity of a fluid is the measure of its resistance to flow. The unit of absolute 
viscosity is the ^^poise,^^ whereas the unit of kinetic viscosity is the ^‘stoke.^^^ The 
viscosity in poises of a given fluid is the product of the viscosity in stokes and the 
density at the temperature of test. 

Viscosimeters designed so that the head of the liquid being tested is the sole force 
driving the liquid through the capillary measure kinematic viscosity, whereas those 
designed so that external forces produce the flow measure absolute viscosity. Vis¬ 
cosity is usually expressed in seconds of time for a given volume of liquid to flow 
through an orifice. This is true of the Saybolt, Redwood, and Engler viscosimeters. 

The wide range of viscosities normally encountered is shown in Table 7-9. 

As viscosity changes rapidly with temperature, a numerical value of viscosity has 
no significance unless the temperature is 
specified. 

The Sayholt Universal viscosimeter is the 


Table 7-9. Approximate Absolute Vis¬ 
cosity of Various Liquids^ 

(As measured at room temperature) 

Liquid Poises 

Hexane. ... ... 0 003 

Commercial gasoline. ... 0 006 


Water. 

Kerosene. 

Straw oil. , 

Automobile lubricants 

Cylinder stocks- 

Heavy fuel oils and liquid asphaltic road 

materials . .100+ 

1 “ The Significance of Tests of Petroleum 
Products,” ASTM, Philadelphia, 1046. 


0 01 
0 02 
0.4 
1-10 
40 


most widely used method in the United 
States for the determination of the vis¬ 
cosity of lubricating oils (ASTM D88-44), 
although for purposes where greater ac¬ 
curacy is required the ASTM Method of 
Test for Kinematic Viscosity (D445-42T) 
is recommended. Standard tempera¬ 
tures of test for both methods are 100, 

130, and 210°F. The lower temperatures 
are mostly used for the low-viscosity oils, and vice versa. 

It should be stressed that Saybolt viscosities, which are expressed in seconds, are 
not even approximately proportional to absolute viscosities except in the range above 
200 seconds. As the time of flow decreases, the deviation becomes more marked, 
and below 40 seconds the departure is so great that the use of Saybolt seconds as an 
index of absolute velocity is very deceptive. For example, an oil with a viscosity of 
35 seconds Saybolt has about twice the aboslute viscosity of one which gives a reading 
of 32 seconds Saybolt, and even the very lightest oils do not give readings below about 

^ For a detailed mathematical discuBsion of viscosity, see Bingham, E. C., ^'Fluidity and Plasticity,' 
McGraw-Hill Book Company, Inc., New York, 1922. 
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28 seconds Saybolt. Thus the instrument should be used on oils reading below 40 
seconds, and never on oils below 32 seconds. 

The Saybolt Furol viscosimeter (ASTM B88-44) is generally recommended for the 
determination of the viscosity of heavy fuel oils and liquid asphaltic road materials. 
The temperature usually employed is 122®F, although 77, 100, and 210®F may be used 
and, for liquid asphaltic and paving materials, also 140 and 180°F. Readings above 
100 seconds are roughly one-tenth of those on the standard Saybolt instrument. 



Fig. 7-7. Boiling-temperature relationships for normal paraffin hydrocarbons. {Pinker^ 
ton, ASMS, 1948.) 

In the Engler viscosimeter, sometimes used, a different expression for viscosity is 
employed in that an Engler degree is the quotient of the time of outflow of 200 cc of 
oil divided by the corresponding time of flow of 200 cc of water. It is thus a com¬ 
parison of the viscosity of the oil with that of water. 

The significance of viscosity depends upon the purpose for which the oil is to be 
used. 

I For lubricating oils, viscosity is the most important single property, as it determines 
the bearing friction, heat generation, and the rate of flow under given conditions of load, 
speed, and bearing design. The oil should be viscous enough to maintain a fluid film 
between the bearing surfaces, despite the pressure tending to squeeze it out. While a 
reasonable factor of safety is essential, excessive viscosity means unnecessary friction and 
heat generation. Tests should be made at that standard temperature which most closely 
approximates the temperature of use. In automotive use, the viscosity of crankcase oil 
i? one of the many factors of the ease of starting in cold weather. 

For industrial fuel oils, viscosity is of importance mainly in determining the ease of 
atomization in a given type of burner, and the conditions of pressure and temperature 
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required to supply oil to the burner. Gravity is incorrectly used as a basis for classifying 
such oils with respect to viscosity. 

For illuminating oils, viscosity plays only a moderate part in determining the rate of 
flow through a wick. The value of a test is to elimina^ oils of an abnorm^ly high vis¬ 
cosity which would not flow properly. There is also some indication that oils of velry low 
viscosity will give unsteady flames. The i)erformance of burning oils is more influenced 
by tendency to attack or encrust the wick than by viscosity. 



on heated to 180®F with o variation of/or-tO® shows variation of 140 sec. 
OH heated to 220®F with a variation of/or-10® shows o viscosity variation 
of 35 seconds which Is one-fourth of the variation at 160® 


Fig. 7-8. Viscosity-temperature curve for bunker C oil. (Hauck Mfg. Co.) 

For motor fuels, viscosity has little if any practical significance. The richness of mixture 
may be affected in some types of carburetors; in others it is negligible. Ordinary variations 
usually cause greater differences than changes in viscosity for fuels of proper distillation 
range. In general, whenever the ease or rate of circulation of oil is important, as in the 
case of transformer oils or oils for circulation in heat-carrying systems, viscosity becomes 
a factor of practical significance. This is also true of oils which must penetrate or saturate 
porous material. Viscosity is also important in designing pipe lines or heat exchangers. 

Gravity and Similar Weight and Volumetric Data 

Gravity. An index of the weight of a measured volume of the product. Two 
scales are in general use, the specific-gravity scale and the API scale. The specific 
gravity of an oil is the ratio of the weights of equal volumes of oil and water at 60°F 
and as corrected for the buoyant effect of air. An exception made for certain 
asphalts, where it is standard to use 77®F instead of 60°F. The API gravity of an oil 
is a mathematical function of the specific gravity as indicated by the equation 

Deg API = gp gr 60760°F ~ 

The figure 141.5 is termed the modulus of the API scale. 

Specific gravity is generally used in continental Europe^ and in many other coun- 

^ It is important to note that the method of computing specific gravity in Europe differs from that 
in use in the United States. The custom in Europe is to report the weights of equal volumes of oil and 
water, the former at a temperature of 16°C (59®F) and the latter at a temperature of 4®C (39.2®F). 
The weights are not corrected for the buoyant effect of air. When specific gravities are reported accord¬ 
ing to this system, the weight of a specified volume is directly proportionate to the specific gravity of 
the oil. When the specific gravities are reported according to the system in use in the United States, 
calculation of the exact weight of a specified volume of oil is not so simple. However, accurate and com- 
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Fig. 7-9. Viscosity conversion chart based on the relations for 100®F oil temperature as 
given in ASTM D446-39. This relates Saybolt Universal seconds to the kinematic vis¬ 
cosity in centistokes. Relation between kinematic and absolute viscosities depends on 
the specific gravity of the oil. This may be found by comparing the weight of a volume 
of oil with that of an equal volume of water when both are at 60°F. It may also be found 
by a hydrometer graduated in API degrees. 

Example: An oil having a specific gravity of 0.85 at 60°F has a viscosity of 840 Saybolt 
Universal seconds when heated up to 100°F. Find its kinematic and absolute viscosities. 
Lay a straightedge between the corresponding intersections on the left- and right-hand 
scales and find 182 centistokes kinematic viscosity, 155 centipoise absolute viscosity, and 
36°API, (John F, Hyam^ Power^ January^ 1950.) 
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tries. The API scale is generally used in the United States. The API gravity scale 
was formerly known as the Baum5 scale, the same being changed in 1921 to avoid 
confusion with other Baum6 scales, particularly the one based upon a modulus of 
140.0, The API scale differs from this Baum4 scale by amounts ranging from Ho 
deg or less for heavy fuel oils to Ho deg for gasoline. 

Solid and plastic materials such as paraffin wax and petrolatum are usually sold 
on a weight instead of a gravity basis, so that tests for their gravity are relatively 
unimportant. 

As petroleum products are frequently sold on a basis of volumes delivered, cor¬ 
rected to 60®F, the gravity and correction tables for converting are of considerable 
importance. Gravity is of little significance as an index of the quality or usefulness 
of a finished produce, and its use in specifications is to be avoided. 

Reduction of Observed Specific Gravities to Specific Gravities at 60®/60°F. Table 
7-12 shows the specific gravity at 60°/60°F of oils having, at the observed tempera¬ 
tures, the specific gravity indicated. (For example, if the observed specific gravity at 
95°F is 0.750, the specific gravity at 60°/60°F will be 0.7649.) As was the case with 
other tables from National Standard Petroleum Oil Tables,^' space did not permit 
the reproduction of all values originally shown; intermediate values can be 
interpolated. 

The headings “Observed specific gravityand “Observed temperature“ signify 
the true indication of the hydrometer and the true temperature of the oil; f.e., the 
observed readings corrected for instrumental errors. (This table is computed so as to 


Table 7-10. Degrees API, Pounds per Gallon, and Gallons per Pound, Corresponding 
to the Designated Specific Gravities^ 


Sp gr at 
60V60°F 

Deg API 

Lb/gal 

Gal/lb 

Sp gr at 
60V60°F 

Deg API 

Lb/gal 

Gal/lb 

0.60 

104 33 

4 993 

0 2003 

0 81 

43 19 

6 744 

0 1483 

0.61 

100 47 

5 076 

0 1970 

0 82 

41 06 

6 827 

0 1465 

0 62 

96.73 

5 160 

0 1938 

0 83 

38 98 

6 911 

0 1447 

0 63 

93 10 

5 243 

0 1907 

0 84 

36 95 

6 994 

0 1430 

0 64 

89.59 

5.326 

0.1877 

0 85 

34.97 

7 078 

0.1413 

0 65 

86 19 

5 410 

0 1848 

0 86 

33 03 

7 161 

0 1396 

0 66 

82 89 

5 493 

0 1820 

0.87 

31 14 

7 244 

0 1380 

0 67 

79 69 

5 577 

0 1793 

0 88 

29 30 

7 328 

0 1365 

0 68 

76 59 

5 660 

0 1767 

0 89 

27 49 

7 411 

0 1349 

0 69 

73.57 

5 743 

0.1741 

0 90 

25.72 

7 494 

0.1334 

0 70 

70.64 

5 827 

0.1716 

0 91 

23 99 

7 578 

0.1320 

0 71 

67 80 

5.910 

0 1692 

0 92 

22 30 

7 661 

0 1305 

0 72 

65 03 

5 994 

0 1668 

0 93 

20 65 

7 745 

0.1291 

0 73 

62 34 

6 077 

0 1646 

0 94 

19 03 

7 828 

0 1278 

0 74 

59 72 

6.160 

0 1623 

0 95 

17 45 

7 911 

0.1264 

0 75 

57 17 

6 244 

0 1602 

0 96 

15 90 

7 995 

0.1251 

0 76 

54 68 

6 327 

0 1580 

0 97 

14 38 

8 078 

0.1238 

0 77 

52 27 

6 410 

0 1560 

0 98 

12 89 

8 162 

0.1225 

0 78 

49 91 

6 494 

0 1540 

0.99 

11.43 

8 245 

0.1213 

0 79 

47 61 

6.577 

0 1520 

1.00 

10 00 

8 328 

0.1201 

0 80 

45.38 

6 661 

0.1501 

1.01 

8 60 

8 412 

0.1189 





1.02 

7.23 

8 495 

0.1177 


1 Abridged from “ National Standard Petroleum Oil Tables,” NBS Circ, C-410, 1936. 


prehensive tables published by the National Bureau of Standards simplify this conversion. (“ National 
Standard Petroleum Oil Tables,” NBS Cir. C410, Government Printing Office, Washington, D.C., 
1936.) 
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Table 7>11. Degrees API, Pounds per GaUon, and Gallons per Pound, Corresponding 
to the Designated Degrees API^ 


Deg API 

Sp gr at 
60V60°F 

Lb/gal 

Gal/lb 

Deg API 

Sp gr at 
60V60°F 

Lb/gal 

Gal/lb 

0 

1.0760 

8.962 

0.1116 

50 

0.7796 

6.490 

0.1541 

1 

1.0679 

8.895 

0.1124 

51 

0.7753 

6.455 

0.1459 

2 

1.0599 

8.828 

0.1133 

52 

0.7711 

6.420 

0.1558 

3 

1.0520 

8.762 

0.1141 

53 

0.7669 

6 385 

0 1666 

4 

1.0443 

8.698 

0.1150 

54 

0.7628 

6.350 

0.1575 

5 

1.0366 

8.634 

0.1158 

55 

0.7587 

6.316 

0.1583 

6 

1.0291 

8.571 

0.1167 

56 

0.7547 

6.283 

0 1592 

7 

1.0217 

8.509 

0.1175 

57 

0.7507 

6 249 

0.1600 

8 

1.0143 

8 448 

0.1184 

58 

0.7467 

6.216 

0.1609 

9 

1.0071 

8.388 

0.1192 

59 

0.7428 

6.184 

0 1617 

10 

1.0000 

8.328 

0.1202 

60 

0.7389 

6.151 

0.1626 

11 

0.9930 

8.270 

0 1209 

61 

0.7351 

6.119 

0 1634 

12 

0.9861 

8 212 

0.1218 

62 

0.7313 

6.087 

0 1643 

13 

0.9792 

8 155 

0.1226 

63 

0 7275 

6.056 

0 1651 

14 

0.9725 

8.099 

0.1235 

64 

0.7238 

6.025 

0.1660 

15 

0.9659 

8 044 

0.1243 

65 

0.7201 

5 994 

0 1668 

16 

0.9593 

7.989 

0 1252 

66 

0 7165 

5.964 

0 1677 

17 

0.9529 

7.935 

0 1260 

67 

0 7128 

5.934 

0 1685 

18 

0.9465 

7.882 

0 1269 

68 

0.7093 

5.904 

0.1694 

19 

0.9402 

7.830 

0 1277 

69 

0.7057 

5.874 

0.1702 

20 

0.9340 

7.778 

0 1286 

70 

0.7022 

5.845 

0 1711 

21 

0.9279 

7.729 

0 1294 

71 

0.6988 

5.817 

0 1719 

22 

0.9218 

7.676 

0.1303 

72 

0.6953 

5.788 

0 1728 

23 

0.9159 

7.727 

0.1311 

73 

0.6919 

5.759 

0 1736 

24 

0.9100 

7.578 

0.1320 

74 

0.6886 

5.731 

0 1745 

25 

0.9042 

7 529 

0.1328 

75 

0.6852 

5.703 

0 1753 

26 

0.8984 

7.481 

0.1337 

76 

0.6819 

5.676 

0 1762 

27 

0 8927 

7.434 

0.1345 

77 

0.6787 

5.649 

0 1770 

28 

0.8871 

7.387 

0.1354 

78 

0 6754 

5.622 

0 1779 

29 

0.8816 

7.341 

0.1362 

79 

0.6722 

5.595 

0.1787 

30 

0 8762 

7.296 

0.1371 

80 

0.6690 

5.668 

0 1796 

31 

0.8708 

7.251 

0.1379 

81 

0 6659 

6.542 

0 1804 

32 

‘ 0 8654 

7.206 

0.1388 

82 

0 6628 

6.516 

0 1813 

33 

: 0.8602 

7.163 

0.1396 

83 

0.6597 

5 491 

0 1821 

34 

1 0.8550 

7.119 

0.1405 

84 

0.6566 

5.465 

0 1830 

35 

0.8498 

7.076 

0.1413 

85 

0.6536 

6.440 

0 1838 

36 

0.8448 

7.034 

0.1422 

86 

0 6506 

6 415 

0 1847 

37 

0.8398 

6.993 

0 1430 

87 

0 6476 

5 390 

0 1855 

38 

0.8348 

6.951 

0.1439 

88 

0.6446 

5.365 

0.1864 

39 

0.8299 

6.910 

0.1447 

89 

0.6417 

5.341 

0.1872 

40 

0.8251 

6.870 

0.1456 

90 

0.6388 

6.316 

1 0.1881 

41 

0.8203 

6.830 

0.1464 

91 

0 6360 

5.293 

0.1889 

42 

0.8155 

6 790 

0 1473 

92 

0.6331 

6 269 

1 0.1898 

43 

0.8109 

6.752 

0.1481 

93 

0 6303 

5.246 

1 0.1906 

44 

0.8063 

6.713 

0.1490 

94 

0.6275 

5.222 

0.1915 

45 

0.8017 

6.675 

0.1498 

95 

0 6247 

6.199 

0.1924 

46 

0.7972 

6.637 

0.1507 

96 

0.6220 

6.176 

0.1932 

47 

0.7927 

6.600 

0.1515 

97 

0.6193 

5.154 

0.1940 

48 

0.7883 

6.563 

0.1524 

98 

0.6166 

5.131 

0.1949 

49 

0.7839 

6.526 

0.1528 

99 

0.6139 

5.109 

0.1957 





100 

0.6112 

5.086 

0.1966 


1 Abridged from National Standard Petroleum Oil Tables,” NBS Cxrc, C-410, 1936. 
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Table 7-12. Reduction of Observed Specific Gravities to Specific Gravities at 

60760°Fi 



1 

Observed specific gravity 

Observed 










temp, 

0.600 

0.650 

0.700 

0 750 

0.800 

0 850 

0.900 

0 950 

0 999 

deg F 











Corresponding specific gravities at 60°/60°F 

0 

0 5634 

0.6172 

0 6704 

0.7224 

0.7749 

0.8271 

0.8780 

0 9285 

0 9776 

6 

0 5667 

0.6201 

0 6729 

0.7248 

0 7772 

0.8293 

0 8801 

0.9303 

0 9793 

10 

0 5699 

0 6230 

0 6754 

0 7272 

0 7793 

0 8312 

0 8819 

0 9321 

0 9811 

15 

0 5730 

0 6258 

0 6779 

0 7295 

0 7816 

0.8331 

0 8838 

0 9338 

0 9830 

20 

0.5762 

0.6286 

0.6804 

0.7319. 

0.7836 

0.8350 

0.8856 

0.9356 

0 9847 

25 

0.5792 

0.6314 

0 6829 

0.7342 

0.7858 

0.8369 

0 8874 

0 9374 

0 9865 

30 

0 5822 

0.6342 

0.6854 

0.7365 

0 7879 

0 8389 

0 8893 

0 9393 

0 9884 

35 

0 5854 

0.6369 

0 6879 

0.7389 

0 7899 

0 8407 

0 8911 

0 9411 

0 9902 

40 

0 5884 

0 6395 

0.6903 

0.7411 

0.7919 

0.8426 

0.8929 

0 9429 

0 9920 

45 

0 5913 

0.6422 

0.6928 

0.7434 

0.7940 

0.8444 

0.8947 

0 9447 

0.9938 

50 

0 5942 

0 6448 

0.6952 

0.7456 

0.7960 

0.8463 

0 8964 

0 9465 

0 9955 

55 

0 5971 

0.6475 

0.6976 

0.7479 

0 7980 

0 8481 

0.8982 

0.9482 

0 9972 

60 

0 6000 

0 6500 

0 70000 

0 7500 

0.8000 

0 8500 

0 9000 

0 9500 

0.9990 

65 

0.6029 

0.6526 

0 7024 

0 7522 

0 8020 

0 8518 

0.9018 

0 9518 

1 0008 

70 

0.6057 

0.6551 

0.7048 

0.7543 

0.8039 

0.8537 

0.9036 

0.9535 

1.0025 

75 

0 6085 

0 6576 

0 7071 

0.7565 

0.8059 

0 8555 

0 9054 

0.9553 

1 0043 

80 

0,6112 

0 6602 

0.7094 

0 7586 

0 8078 

0.8573 

0.9072 

0.9570 

1 0060 

85 

0.6140 

0.6627 

0 7118 

0 7607 

0 8098 

0 8592 

0 9089 

0.9588 

1 0077 

90 

0.6166 

0.6652 

0 7141 

0 7628 

0 8116 

0 8610 

0.9106 

0.9605 

1 0094 

95 

• 


0 7164 

0.7649 

0.8134 

0.8627 

0.9124 

0.9622 

1 0112 

100 



0 7188 

0 7670 

0 8153 

0.8644 

0.9141 

0 9639 

1 0129 

105 



0 7209 

0 7690 

0 8172 

0 8663 

0 9159 

0 9656 

1.0146 

110 



0 7232 

0 7710 

0 8191 

0.8680 

0 9176 

0 9673 

1 0163 

115 



0 7254 

0 7729 

0 8209 

0 8698 

0 9193 

0.9690 

1 0180 

120 



0 7275 

0 7749 

0.8227 

0.8715 

0.9210 

0.9707 

1.0197 

125 



0 7297 

0 7769 

0 8245 

0.8733 

0.9227 

0.9725 

1 0214 

130 



0.7319 

0.7789 

0.8263 

0.8750 

0 9245 

0 9743 

1.0231 

135 




. 

0 8281 

0 8767 

0 9261 

0 9759 

1 0247 

140 





0.8299 

0.8786 

0.9279 

0 9775 

1 0263 

145 





0 8318 

0.8802 

0 9295 j 

0.9792 

1 0280 

150 





0.8335 

0.8818 

0 9312 

0 9809 

1 0297 

155 





0 8353 

0 8835 

0 9328 

0 9825 

1 0314 

160 





0 8370 

0 8853 

0 9346 

0 9843 

1 0330 

165 





0 8388 

0 8871 

0 9363 

0 9859 

1 0345 

170 





0.8406 

0.8887 

0.9380 

0.9875 

1 0361 

175 





0 8423 

0 8905 

0 9396 

0.9891 

1 0377 

180 





0 8441 

0 8921 

0 9413 

0 9906 

1.0393 

185 





0.8458 

0 8938 

0 9429 

0 9922 

1 0409 

190 





0 8476 

0 8955 

0.9445 

0 9938 

1 0425 

195 

1 





0.8493 

0.8971 

0 9462 

0.9954 

1.0441 


1 “National Standard Petroleum Oil Tables,” NBS Circ. C-410, 1936. 


take into account the thermal expansion of the glass of which the hydrometer is 
made.) 

Reduction of Observed Degrees API to Degrees API at 60°F. Table 7-13 shows 
the degrees API at 60°F of oils having, at the observed temperatures, the degrees 
API indicated. (For example, if the observed degrees API at 80®F is 20, the degrees 
API at 60®F will be 18.9.) Intermediate values can be interpolated. The headings 
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PETROLEUM AND PETROLEUM DERIVATIVES 


Observed degrees API^' and Observed temperature^^ signify the true indication 
of the hydrometer and the true temperature of the oils; i.e.j the observed readings 
corrected for instrumental errors. (This table is so computed as to take into account 
the thermal expansion of the glass of which the hydrometer is made.) 

Volume at 60®F Occupied by Unit Volume at Indicated Temperature. Table 7-14 
shows the volume occupied at 60®F by a quantity of oil at any API gravity at 60°F 
occupying unit volume at the indicated temperatures. (For example, if at 60°F the 


Table 7-13. Reduction of Observed Degrees API to Degrees API at 60°Fi 


Observed 
temp, 
deg F 

Observed deg API 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

Corresponding deg API at 60°F 

0 

2 

5 

7 

8 

13 

1 

18 

3 

23 6 

28 9 

34 2 

39 6 

45 1 

50 

7 

56 

3 

61 

9 

67 

6 

73 2 

78 

8 

84 

6 

5 

2 

3 

7 

0 

12 

8 

18 

0 

23 3 

28 5 

33 8 

39 2 

44 6 

50 

1 

55 

7 

61 

3 

66 

9 

72 4 

78 

1 

83 

7 

10 

2 

1 

7 

3 

12 

6 

17 

8 

23 0 

28 2 

33 4 

38 8 

44 1 

49 

6 

55 

2 

60 

7 

66 

2 

71 7 

77 

3 

82 

9 

15 

1 

9 

7 

1 

12 

3 

17 

5 

22 7 

27 9 

33 1 

38 4 

43 7 

49 

1 

54 

6 

60 

1 

65 

5 

71 0 

76 

5 

82 

.0 

20 

1 

7 

6 

9 

12 

0 

17 

2 

22.4 

27.5 

32.7 

38.0 

43.3 

48 

.7 

54 

1 

59 

.5 

64 

.9 

70.3 

75 

8 

81 

.2 

25 

1 

5 

6 

6 

11 

8 

16 

9 

22 1 

27 2 

32.4 

37 6 

42.8 

48 

2 

53 

5 

58 

.9 

64 

.2 

69.6 

75 

0 

80 

4 

30 

1. 

2 

6 

4 

11 

.5 

10 

0 

21 7 

26 9 

32.0 

37 2 

42.4 

47 

7 

53 

0 

58 

3 

63 

.6 

68 9 

74 

3 

79 

6 

35 

1 

0 

6 

1 

11 

3 

16 

4 

21 4 

26 6 

31 7 

36 8 

42.0 

47 

2 

52 

5 

57 

7 

63 

.0 

68.2 

73 

5 

78 

8 

40 

0 

8 

5 

9 

11 

0 

16 

1 

21 2 

26.2 

31.3 

36.5 

41.6 

46 

.8 

52 

0 

57 

2 

62 

4 

67.6 

72 

8 

78 

0 

45 

0. 

6 

5 

7 

10 

.7 

15 

8 

20.9 

25.9 

31.0 

36.1 

41.2 

46 

.3 

51 

5 

56 

6 

61 

8 

66.9 

72 

1 

77 

2 

50 

0, 

4 

5 

5 

10 

5 

15 

5 

20 6 

25 6 

30.7 

35 7 

40.8 

45 

9 

51 

0 

56 

1 

61 

2 

66.3 

71 

4 

76 

5 

55 

0 

2 

5 

2 

10 

3 

15 

3 

20 3 

25 3 

30.3 

35.4 

40.4 

45 

4 

50 

5 

55 

5 

60 

6 

65 6 

70 

7 

75 

7 

60 

0 

0 

5 

0 

10 

0 

15 

0 

20 0 

25 0 

30 0 

35 0 

40 0 

45 

0 

50 

0 

55 

0 

60 

0 

65 0 

70 

0 

75 

0 

65 



4 

8 

9 

8 

14 

7 

19 7 

24 7 

29 7 

34 7 

39.6 

44 

6 

49 

5 

54 

5 

59 

4 

64.4 

69 

3 

74 

3 

70 



4 

6 

9 

5 

14 

5 

19.4 

24 4 

29.3 

34.3 

39.2 

44 

1 

49 

0 

54 

0 

58 

9 

63.8 

68. 

6 

73 

6 

75 



4 

3 

9 

3 

14 

2 

19.1 

24.1 

29 0 

33.9 

38.8 

43 

7 

48 

6 

53 

5 

58 

3 

63.1 

68. 

0 

72 

9 

80 



4 

1 

9 

0 

13 

9 

18 9 

23.8 

28 7 

33 6 

38.4 

43 

3 

48 

1 

53 

0 

57 

8 

62.6 

67. 

4 

72 

2 

85 



3 

9 

8 

8 

13 

7 

18 6 

23 5 

28 4 

33 2 

38 1 

42 

9 

47 

7 

52 

5 

57 

2 

61.9 

66. 

7 

72 

4 

90 



3 

7 

8 

5 

13 

4 

18 3 

23 2 

28 0 

32.9 

37 7 

42 

5 

47 

2 

52 

0 

56 

7 

61.4 

66. 

1 

70. 

8 

95 



3 

4 

8 

3 

13 

2 

18.0 

22.9 

27.7 

32,6 

37.3 

42 

1 

46 

8 

51 

5 

56 

1 

60 8 





100 



3 

2 

8 

1 

12 

9 

17 8 

22 6 

27.4 

32 2 

37 0 

41 

7 

46. 

4 

51 

0 

55 

6 

60.2 





105 



3 

0 

7 

8 

12 

7 

17 5 

22 3 

27 1 

31 9 

36 6 

41 

3 

46 

0 

50 

5 

55 

1 

59 6 





110 



2 

8 

7 

6 

12 

4 

17 2 

22 0 

26 8 

31 5 

36 2 

40 

9 

45 

5 

50 

1 

54 

6 

59 1 





115 



2 

6 

7 

4 

12 

2 

17 0 

21.7 

26 5 

31 2 

35 9 

40 

5 

45 

1 

49 

6 

54 

1 

58 5 





120 



2 

4 

7 

1 

11 

9 

16.7 

21.4 

26 2 

30 9 

35.5 

40 

2 

44. 

7 

49. 

2 

53. 

6 

58.0 





125 



2, 

1 

6 

9 

11 

7 

16 4 

21.2 

25 9 

30 6 

35 2 

39. 

8 

44 

3 

48 

7 

53 

1 

57 5 





130 



1 

9 

6 

7 

11 

4 

16 2 

20 9 

25 6 

30 2 

34 8 

39 

4 












135 



1 

7 

6 

4 

11 

2 

15 9 

20 6 

25 3 

29 9 

34 5 

39 

0 












140 



1. 

5 

6 

2 

10 

9 

15.6 

20 3 

25 0 

29 6 

34.2 

38 

7 












145 



1 

3 

6. 

0 

10. 

7 

15.4 

20 0 

24.7 

29 3 

33.8 

38 

3 












150 



1. 

1 

5. 

8 

10. 

5 

15 1 

19.8 

24 4 

29 0 

33,5 

37 

9 












155 



0 

9 

5 

6 

10 

2 

14 9 

19 5 

24 1 

28.7 















160 



0. 

7 

5 

3 

10 

0 

14 6 

19 2 

23 8 

28.4 















165 



0 

5 

5 

1 

9. 

8 

14 4 

18.9 

23 5 

28 0 















170 



0 

3 

4 

9 

9. 

5 

14.1 

18 7 

23.2 

27 7 















175 



0. 

1 

4. 

7 

9. 

3 

13.9 

18 4 

22.9 

27.4 















180 





4. 

5 

9 

1 

13 6 

18 2 

22 7 

27 1 















185 





4 

3 

8 

9 

13 4 

17 9 

22 4 

26 8 















190 





4. 

1 

8. 

7 

13.2 

17.7 

22.1 

26 5 















195 





3. 

9 

9 

3 

12.9 

17.4 

21 8 

26 3 
















* “ National Standard Petroleum Oil Tables,” NBS Circ. C-410, 1936. 
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Table 7-14. Volume at GO^'F Occupied by Unit Volume at Indicated Temperature^ 

(Table for correcting oil volumes as measured, to true volume at standard 60®F temperature) 



Deg API at 60«F 

Observed 













temp, 
deg F 

10 

20 

25 

30 

35 

40 

45 

50 

55 

60 

70 

80 


Volume at GO^F occupied by unit volume at indicated temperature 

0 

1 0223 

1.0239 

1.0247 

1.0256 

1.0269 

1.0284 

1.0301 

1.0324 

1.0347 

1.0370 

1.0411 

1.0451 

6 

1 0204 

1.0219 

1.0226 

1.0234 

1.0247 

1.0261 

1.0276 

1.0297 

1.0318 

1.0339 

1.0377 

1 0414 

10 

1 0185 

1.0199 

1.0205 

1.0213 

1.0224 

1.0237 

1.0251 

1.0270 

1.0290 

1.0309 

1.0343 

1 0377 

15 

1 0166 

1.0179 

1.0184 

1.0192 

1.0202 

1.0213 

1.0226 

1.0243 

1.0261 

1.0278 

1.0309 

1 0340 

20 

1.0148 

1.0159 

1.0164 

1.0170 

1.0179 

1.0189 

1.0201 

1.0216 

1.0232 

1.0247 

1.0275 

1.0302 

25 

1 0129 

1 0139 

1.0143 

1.0149 

1.0157 

1.0166 

1.0176 

1.0189 

1.0203 

1.0217 

1.0241 

1.0265 

30 

1 0111 

1 0119 

1.0123 

1.0128 

1.0134 

1.0142 

1.0151 

1.0162 

1.0174 

1.0186 

1.0207 

1.0227 

,35 

1 0092 

1.0099 

1.0102 

1.0106 

1.0112 

1 0119 

1.0126 

1.0135 

1.0145 

1.0155 

1.0172 

1 0190 

40 

1.0073 

1.0079 

1.0082 

1.0085 

1.0090 

1.0095 

1.0100 

1.0108 

1.0116 

1.0124 

1.0138 

1.0152 

45 

1.0055 

1.0059 

1.0061 

1.0064 

1.0067 

1.0071 

1.0075 

1.0081 

1.0087 

1.0093 

1.0104 

1.0114 

50 

1.0037 

1.0039 

1.0041 

1.0042 

1.0045 

1.0047 

1.0050 

1.0054 

1.0058 

1.0062 

1.0069 

1.0076 

55 

1.0018 

1.0020 

1.0020 

1.0021 

1.0022 

1.0024 

1.0025 

1.0027 

1.0029 

1.0031 

1.0035 

1.0038 

60 

1 0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1 0000 

65 

0 9982 

0.9980 

0.9980 

0.9979 

0.9978 

0.9976 

0.9975 

0.9973 

0.9971 

0.9969 

0.9965 

0 9962 

70 

0.9964 

0.9961 

0.9959 

0.9958 

0.99,55 

0.9953 

0.9950 

0.9946 

0.9942 

0.9938 

0.9931 

0.9924 

75 

0 9946 

0.9941 

0.9939 

0.9937 

0.9933 

0.9929 

0.9924 

0.9919 

0 9913 

0.9907 

0.9896 

0 9885 

80 

0 9928 

0.9922 

0.9919 

0.9915 

0.9911 

0.9905 

0.9899 

0.9891 

0.9884 

0.9876 

0 9861 

0 9847 

85 

0 9910 

0.9902 

0.9899 

0.9894 

0.9888 

0.9881 

0.9874 

0.9864 

0.98,54 

0.9844 

0.9826 

0 9809 

90 

0.9892 

0.9983 

0.9878 

0.9873 

0.9866 

0.9858 

0.9849 

0.9837 

0.9825 

0 9813 

0.9792 

0.9770 

95 

0.9874 

0.9863 

0.9857 

0.9852 

0.9844 

0.9834 

0.9824 

0.9810 

0.9796 

0.9782 



100 

0.9856 

0.9844 

0.9837 

0.9831 

0.9822 

0.9811 

0.9799 

0.9783 

0.9767 

0 9751 



105 

0 9838 

0.9825 

0.9816 

0 9810 

0.9800 

0.9787 

0.9773 

0.9756 

0 9737 

0 9720 



no 

0 9820 

0.9806 

0.9798 

0.9789 

0.9777 

0.9763 

0.9748 

0.9729 

0 9708 

0.9689 



115 

0 9802 

0.9786 

0.9778 

0.9768 

0.9755 

0.9739 

0.9723 

0.9702 

0 9679 

0.9657 



120 

0 9785 

0.9767 

0.9758 

0.9747 

0.9733 

0.9716 

0.9698 

0.9674 

0.9650 

0 9626 



125 

0 9767 

0.9748 

0.9738 

0,9726 

0.9711 

0.9692 

0 9673 

0 9647 

0.9620 

0.9595 



130 

0 9750 

0.9729 

0.9718 

0.9705 

0.9689 

0.9669 

0.9647 






135 

0 9732 

0.9710 

0.9699 

0.9684 

0.9667 

0.9645 

0.9622 






140 

0 9715 

0 9691 

0.9679 

0.9664 

0.9645 

0.9622 

0.9,597 






145 

0 9698 

0.9672 

0,9659 

0.9643 

0.9623 

0.9598 

0 9572 






150 

0 9680 

0.96,53 

0.9639 

0.9622 

0.9601 

0.9,574 

0 9547 






155 

0 9663 

0.9634 

0.9620 

0 9601 

0 9579 








100 

0 9646 

0 9615 

0.9600 

0.9580 

0 9557 








165 

0 9629 

0 9597 

0.9580 

0.9,560 

0 9535 








170 

0.9612 

0.9578 

0.9560 

0.9539 

0 9513 








175 

0 9595 

0.9559 

0 9541 

0.9518 

0 9491 








180 

0 9578 

0.9,540 

0.9521 

0 9497 

0 9469 








185 

0 9561 

0 9522 

0.9502 

0 9477 

0 9447 








190 

0 9544 

0 9503 

0.9482 

0 94.56 

0 9425 








195 

0.9527 

0.9485 

0.9463 

0 9436 

0 9403 









^ “National Standard Petroleum Oil Tables,” NBS Ctrc. C-410, 1936. 


API gravity of the oil is 20, 1 gal of this oil measured^at 105°F will have a volume cf 
0.9825 gal at 60°F.) Intermediate values can be interpolated. 

The values given in the body of the table are in the form of “multipliers”; i.e., the 
volume of the oil at the indicated temperature and degrees API multiplied by the 
corresponding factor in the table equals the volume at 60°F. (For example, if the 
API gravity of an oil at 60®F equals 20 and the volume at 106®F equals 5,000 gal, then 
the volume at 60°F equals 5,000 X 0.9825, or 4,912.5 gal.) 
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This table can also be used to calculate the percentage change of volume to reduce 
to 60®F. The percentage factor is 100 times the difference between the tabulated 
value and unity. [For example, in the case given above, the percentage factor is 
100 X (1.0000 — 0.9825) or 1.75; f.c., any volume of oil of 20® API at 60°F measured 
at 105®F will decrease in volume by 1.75 per cent on being reduced to a temperature 
of 60®F.] For observed temperatures below 60®F, the volume correction should be 
added to the measured volumes; for temperatures above 60°F, it should be subtracted. 

Sulphur Derivatives^ 

Sulphur usually exists as mercaptans, sulphides, and disulphides. Mercaptans 
may be visualized as hydrocarbons in which a sulphur atom has been inserted between 
a carbon atom and its associated hydrogen atom; weakly acidic, this type is most 
characteristic from a standpoint of its odor. In sulphides a sulphur atom has been 
inserted between two saturated carbon atoms, such as are found in the paraffin series; 
neutral with respect to acid, sulphides have no characteristic or objectionable odor. 
Disulphides are analogous to the sulphides except that two sulphur atoms are imposed 
between two saturated carbon atoms; these disulphides are produced in treating to 
reduce objectionable mercaptans to the less objectionable disulphides. 

Combustion of sulphur compounds gives oxides of sulphur which appear in the 
product gases. These oxides may take up water to form the well-known sulphur acids. 

Total Sulphur or Sulphur Content. In commercial testing it is customary to deter¬ 
mine the total amount of sulphur without attempting separation into the various 
classes of compounds. The doctor test and corrosion test give indications of certain 
particular types of compounds. The quantitative determination of sulphur consists 
of a complete oxidation of the material and an analysis of the products. 

The significance of total sulphur content varies greatly with the product and the 


Table 7-15. Degrees API (Modulus 141.5) Corresponding to Degrees Baume 

(Modulus 140)1 


Deg Baum6 

Deg API 

Deg 

Baum6 

Deg API 

Deg 

Baum6 

Dog API 

Deg 

Baum6 

Dog API 

10 

10 00 

30 

30 21 

50 

50 43 

70 

70 64 

11 

11 01 

31 

31 22 

51 

51 44 

71 

71 65 

12 

12 02 

32 

32 24 

52 

52 45 

72 

72 66 

13 

13 03 

33 

33 25 

53 

53 46 

73 

73 68 

14 

14 04 

34 

34 26 

54 

54.47 

74 

74 69 

15 

15 05 

35 

35 27 

55 

55 48 

75 

75 70 

16 

16 06 

36 

36 28 

56 

56 49 

76 

76 71 

17 

17 08 

37 

37 29 

57 

57 50 

77 

77 72 

18 

18.09 

38 

38 30 

58 

58 51 

78 

78.73 

19 

19.10 

39 

39,31 

59 

59.52 

79 

79.74 

20 

20.11 

40 

40.32 

60 

60.54 

80 

80.75 

21 

21.12 

41 

41 33 

61 

61.55 

81 

81 76 

22 

22 13 

42 

42 34 

62 

62.56 

82 

82 77 

23 

23.14 

43 

43 35 

63 

63.57 

83 

83.78 

24 

24.15 

44 

44.36 

64 

64.58 

84 

84.79 

25 

25.16 

45 * 

45.38 

65 

65 59 

85 

85.80 

26 

26.17 

46 

46.39 

66 

66 60 

86 

86 81 

27 

27.18 

47 

47 40 

67 

67 61 

87 

87.82 

28 

28 19 

48 

48 41 

68 

68.62 

88 

88.84 

29 

29.20 

49 

49.42 

69 

69.63 

89 

89.85 


i National Standard Petroleum Oil Tables, NBS Circ, C-410, 1936 
I PiNKBRTON, R. D., ** Diesel Fuel Oils,” p. 33, ASME, 1948. 
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uses to which it is put. In general, total sulphur is important only when the mate¬ 
rial is to be burned under conditions which make undesirable the presence of much 
sulphur dioxide in the products of combustion; otherwise only the corrosive forms of 
sulphur are undesirable, and these should preferably be detected by appropriate 
corrosion tests (see Corrosion Tests). More specifically, the following effects of 
sulphur are significant: 

Motor Fuels. While total sulphur, as distinct from corrosive sulphur, has no signifi¬ 
cance in connection with the induction system of an engine, it may cause trouble, par¬ 
ticularly in the winter, because a small portion of the products of combustion may find its 
way into the crankcase, and a portion may also remain in the cylinders when the engine 
is stopped. If the fuel contains much sulphur, and water is present, a dilute solution of 
sulphurous and sulphuric acid is formed, which may cause serious corrosion. This trouble 
is characteristic only of winter operation in engines which, because of their design or 
method of operation, run rather cold or are so poorl|r ventilated that they accumulate 
quantities of water. 

Burning Oils. Any oil for lamps or stoves indoors obviously should have a fairly low 
sulphur content. The presence of considerable quantities of sulphur also appears to injure 
the burning qualities of an oil in a wick burner. 

Fuel Oils. The importance of the total sulphur content of a fuel oil is frequently over¬ 
estimated. The sulphur compounds are readily combustible and have a high heat value; 
and, in a properly arranged household or industrial furnace, they are neither noticeable 
nor harmful, except in certain metallurgical operations and in a few cases where the use of 
highly efficient economizers cools the flue gases to temperatures which permit the condensa¬ 
tion of water and sulphurous acid on metal surfaces, with resulting corrosion. Most of the 
lighter or distillate fuel oils contain less sulphur per unit heating value than does coal. 

Lubricating Oils. The total sulphur content of ordinarj^ lubricating oils is of no known 
significance. The quantity of oil actually burned in an automobile engine seldom exceeds 
1 per cent of the gasoline burned, and therefore its products of combustion can have no 
appreciable effect on crankcase corrosion. 

In thread-cutting oils, there is a popular belief that high-sulphur oil makes possible more 
rapid cutting and smoother work. Recently, oils have appeared which contained added 
sulphur and or sulphur compounds. They are intended for use under extreme pressure 
conditions especially in hypoid gears and certain types of worm gears. 

General. Sulphur dioxide itself is not a corrosive agent except when dissolved in water, 
and the temperatures in flue-gas systems are seldom low enough to permit this. The 
importance of the sulphur content of any product can be estimated only after careful 
consideration of the conditions of use. 

Thermal Values and Other Thermal Properties 

Thermal Value of Fuel Oil. The thermal (calorific) value of a fuel is the amount 
of heat generated as a result of its complete combustion. The thermal value of any 
given type of fuel oil varies in linear relationship with the API gravity of the product. 
This has led to the development of numerous formulas for calculating thermal value, 
most of which are in the general form 

Btu/lb = A + (^ X API gravity) 

The oldest, and perhaps best known, of these is that of Sherman and Kropff.' Their 
original equation was as follows: 

Btu/lb — 18,650 + (40 X gravity, deg Baum6 — 10) 

This can be expressed more conveniently in the following form, which disregards 
the possible small difference between the Baum6 scale and the present standard API 
gravity scale: 

Btu/lb = 18,250 + (40 X API gravity) 

The Sherman and Kropff equation, though still widely used, is generally recognized 

' Shbrman, H. C., and A. C. Kropff, The Calorific Power of Petroleum Oils and the Relation of 
Density to Calorific Power, J, ACS, vol 30, p. 1626, 1908. 
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to be unsuitable for present-day heavy fuel oils. Faragher, Morrell, and Essex ^ have 
reviewed this field and have proposed the following equation for cracked fuel oils: 

Btu/lb = 17,645 H- (54 X API gravity) 

This is in fairly close agreement with the following equation proposed in an unpub¬ 
lished report of the Naval Boiler Laboratory, Navy Yard, Philadelphia (Lybrand 
P. Smith, May, 1933): 

Btu/lb = 17,687 + (57.9 X API gravity) 

The National Bureau of Standards (in Thermal Properties of Petroleum Products, 
Miscellaneous Publication 97, 1933) publishes tables giving the thermal values of 
various oils in terms of gravity. • These are shown herein as Tables 7-16, 7-17, and 
7-18. The basis for the Bureau of Standards calculations is as follows: 

Total Heat of Combustion at Constant Volume. 

Qv = 12,400 — (2,100 X specific gravity) ^ 

where Qv is expressed in calories per gram 

In most processes of combustion the water vapor formed is not condensed under 
useful conditions; the net heat of combustion at constant pressure (Qp) is thus the 
more significant qiiantity in making comparisons of fuels and in calculating the 
efficiency of heating appliances. 

Values for the net heat of combustion, in calories per gram, were calculated from 
those for total heat, as obtained in a bomb calorimeter, by the following formula: 

Qp = Qv — (50.45 X per cent II) 

Values in calories per gram multiplied by 1.8 give Btu per pound, and the latter, 
multiplied by pounds per gallon, yield Btu per gallon. 

As a rough approximation, it may be stated that, for oils having API gravities 
between 10 and 20, the net thermal value is from 1,000 to 1,100 Btu lower than the 
gross thermal value. 

Faragher, Morrell, and Essex have shown tliat the so-called “sediment in fuel oil 
has a slightly lower thermal value than the oil itself but that the error introduced 
by disregarding this factor is negligible. Moisture content also obviously affects the 
thermal content but can ordinarily be disregarded, as the correction is of the order of 
1 Btu for each 0.1 per cent water present in the fuel oil. 

Average values for percentages of hydrogen in oils at various specific gravities may 
be obtained from the relation 

Per cent H = 26 — (15 X specific gravity) 

It will be noted that the hydrogen content decreases as the gravity becomes 
heavier. 

Heating Values for Other Petroleum Products. The Bureau of Standards notes 
that the values given in Table 7-17 are probably too high by 1 or 2 per cent for prod¬ 
ucts containing unusually large amounts of aromatic hydrocarbons, e.g.j “ vapor- 
phase-cracked gasoline. 

Table 7-17 is accurate within about 0.5 per cent for such other liquid hydrocarbons 
as propane, isobutane, n-pentane, isopentane, n-heptane, rK)ctane, n-decane, cyclo¬ 
pentane, cyclohexane, cycloheptane, mcthylcyclohexane, and diethylcyclohexane. 

1 Faragher, W. F., J. C. Morrell., and J. L. Essex, Relationship between Calorific Value and Other 
Characteristics ot Residual Fuel Oils and Cracked Residuum Oils, Ind. Eng. Chem., vol. 21, p. 933, 1929. 
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Table 7-16. Heats of Combustion of Crude Oils, Fuel Oils, and Kerosene^ 


Gravity 

Density 

Total heat of combustion at con¬ 
stant volume, Qr 

Net heat of combustion at con¬ 
stant pressure, Qp , 

Deg 
API 
at 60°F 

Sp gr 
at 

60®/60°F j 

Lb/gal 

Cal/g 

Btu/lb 

Btu/gal 

Cal/g 

Btu/lb 

Btu/gal 

10 

1 

0000 

8 337 

10,300 

18,540 

154,600 

9,740 

17,540 

146,200 

11 

0 

9930 

8 279 

10,330 

18,590 

153,900 

9,770 

17,580 

145,600 

12 

0. 

,9861 

8.221 

10,360 

18,640 

153,300 

9,790 

17,620 

144,900 

13 

0 

9792 

8.164 

10,390 

18,690 

152,600 

9,810 

17,670 

144,200 

14 

0. 

9725 

8.108 

10,410 

18,740 

152,000 

9,840 

17,710 

143,600 

16 

0 

9659 

8.053 

10,440 

18,790 

151,300 

9,860 

17,750 

142,900 

16 

0. 

,9593 

7.998 

10,470 

18,840 

150,700 

9,880 

17,790 

142,300 

17 

0 

9529 

7.944 

10,490 

18,890 

150,000 

9,900 

17,820 

141,600 

18 

0. 

9465 

7.891 

10,520 

18,930 

149,400 

9,920 

17,860 

140,900 

19 

0 

9402 

7.839 

10,540 

18,980 

148,800 

9,940 

17,900 

140,300 

20 

0 

9340 

7 787 

10,570 

19,020 

148,100 

9,960 

17,930 

139,600 

21 

0 

9279 

7 736 

10,590 

19,060 

147,500 

9,980 

17,960 

139,000 

22 

0 

9218 

7.686 

10,620 

19,110 

146,800 

10,000 

18,000 

138,300 

23 

0 

9159 

7.636 

10,640 

19,150 

146,200 

10,020 

18,030 

137,700 

24 

0 

9100 

7.587 

10,660 

19,190 

145,600 

10,040 

18,070 

137,100 

25 

0 

9042 

7.538 

10,680 

19,230 

145,000 

10,050 

18,100 

136,400 

26 

0 

8984 

7 490 

10,710 

19,270 

144,300 

10,070 

18,130 

135,800 

27 

0 

8927 

7 443 

10,730 

19,310 

143,700 

10,090 

18,160 

135,200 

28 

0 

8871 

7 396 

10,750 

19,350 

143,100 

10,110 

18,190 

134,600 

29 

0 

8816 

7.350 

10,770 

19,380 

142,500 

10,120 

18,220 

133,900 

30 

0 

8762 

7 305 

10,700 

19,420 

141,800 

10,140 

18,250 

133,300 

31 

0 

8708 

7 260 

10,810 

19,450 

141,200 

10,1.50 

18,280 

132,700 

32 

0 

8654 

7 215 

10,830 

19,490 

140,600 

10,170 

18,310 

132,100 

33 

0. 

8602 

7.171 

10,850 

19,520 

140,000 

10,180 

18,330 

131,500 

34 

0 

8550 

7 128 

10,860 

19,560 

139,400 

10,200 

18,360 

130,900 

36 

0 

8498 

7 085 

10,880 

19,590 

138,800 

10,210 

18,390 

130,300 

36 

0 

8448 

7.043 

10,900 

19,620 

138,200 

10,230 

18,410 

129,700 

37 

0 

8398 

7 001 

10,920 

19,650 

137,600 

10,240 

18,430 

129,100 

38 

0. 

8348 

6 960 

10,940 

19,680 

137,000 

10,260 

18,460 

128,500 

39 

0. 

8299 

6.920 

10,950 

19,720 

136,400 

10,270 

18,480 

127,900 

40 

0. 

8251 

6.879 

10,970 

19,790 

135,800 

10,280 

18,510 

127,300 

41 

0 

8203 

6 839 

10,990 

19,780 

135,200 

10,300 

18,530 

126,700 

42 

0. 

8155 

6 799 

11,000 

19,810 

134,700 

10,310 

18,560 

126,200 

43 

0 

8109 

6 760 

11,020 

19,830 

134,100 

10,320 

18,580 

125,600 

44 

0. 

8063 

6.722 

11,030 

19,860 

133,500 

10,330 

18,600 

125,000 

46 

0. 

8017 

6.684 

11,050 

19,890 

132,900 j 

10,340 

18,620 

124,400 

46 

0 

7972 

6 646 

11,070 

19,920 

132,400 

10,360 

18,640 

123,900 

47 

0 

7927 

6 609 

11,080 

19,940 

131,900 1 

10,370 

18,660 

123,300 

48 

0 

7883 

6 572 

11,100 

19,970 

131,200 

10,380 

18,680 

122,800 

49 

0 

7839 

6 536 

11,110 

20,000 

130,700 

10,390 

18,700 

122,200 


1 Thermal Properties of Petroleum Products, NBS (U.S.) Misc. Pub. 97, 1933. 


The heat value per unit of weight generally increases as the gravity becomes lighter, 
but the reverse is true when quantities are measured in terms of volume. 

The rather common practice of including a minimum heat value per pound in 
purchase specifications is not desirable. It usually defeats its purpose when the 
purchase is on a volume basis and in addition makes the supplier responsible for a 
property which he ordinarily cannot control. 

Thermal Properties of Petroleum Products (other than heat value).^ Many of 
the thermal properties of petroleum oils appear to vary systematically with the tem- 
‘ Thermal Properties of Petroleum Products, NBS Misc. Pub. 97, 1933. 
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Table 7-17. Heats of Combustion of Volatile Petroleum Products^ 


Gravity 

Density 

Total heat of combustion at con¬ 
stant volume, Qr 

Net heat of combustion at con¬ 
stant pressure, Qp 

Deg 
API 
at 60®F 

Sp gr 
at 

60®/60°F 

Lb/gal 

Cal/g 

Btu/lb 

Btu/gal 

Cal/g 

Btu/lb 

Btu/gal 

SO 

0 7796 

6 500 

11,120 

20,020 

130,100 

10,400 

18,720 

121,700 

51 

0.7753 

6 464 

11,140 

20,050 

129,600 

10,410 

18,740 

121,100 

62 

0.7711 

6 429 

11,150 

20,070 

129,000 

10,420 

18,760 

120,600 

53 

0.7669 

6.394 

11,160 

20,100 

128,500 

10,430 

18,780 

120,100 

54 

0.7628 

6.360 

11,180 

20,120 

128,000 

10,440 

18,800 

119,500 

so 

0 7587 

6.326 

11,190 

20,140 

127,400 

10,450 

18,810 

119,000 

56 

0.7547 

6.292 

11,200 

20,170 

126,900 

10,460 

18,830 

118,500 

67 

0.7507 

6 258 

11,220 

20,190 

126,400 

10,470 

18,850 

118,000 

58 

0 7467 

6 225 

11,230 

20,210 

125,800 

10,480 

18,870 

117,500 

59 

0 7428 

6.193 

11,240 

20,230 

125,300 

10,490 

18,880 

116,900 

60 

0 7389 

6 160 

11,250 

20,260 

124,800 

10,500 

18,900 

116,400 

61 

0.7351 

6 128 

11,270 

20,280 

124,300 

10,510 

18,920 

115,900 

62 

0 7313 

6 097 

11,280 

20,300 

123,700 

10,520 

18,930 

115,400 

63 

0 7275 

6 065 

11,290 

20,320 

123,200 

10,530 

18,950 

114,900 

64 

0 7238 

6 034 

11,300 

20,340 

122.700 

10,540 

18,960 

114,400 

66 

0 7201 

6 004 

11,310 

20,360 

122,200 

10,540 

18.980 

113,900 

66 

0 7165 

5 973 

11,320 

20.380 

121,700 

10,550 

18,990 

113,400 

67 

0 7128 

5 943 

11,330 

20,400 

121,200 

10,560 

19,010 

112,900 

68 

0 7093 

5 913 

11,340 

20,420 

120,700 

10,570 

19,020 

112,500 

69 

0 7057 

5 884 

11,350 

20,440 

120,200 

10,580 

19,040 

112,000 

70 

0 7022 

5 855 

11,360 

20,460 

119,800 

10,580 

19,050 

111,500 

72 

0 6953 

5 797 

11,380 

20,490 

118,800 

10,600 

19,080 

110,600 

74 

0.6886 

5 741 

11,400 

20,530 

117,900 

10,610 

19,100 

109,700 

76 

0 6819 

5 685 

11,420 

20,560 

116,900 

10,630 

19,130 

108,800 

78 

0.6754 

5 631 

11,440 

20,600 

116,000 

10,640 

19,150 

107,900 

80 

0 6690 

5 578 

11,460 

20,630 

115,100 

10,650 

19,180 

107,000 

82 

0.6628 

5 526 

11,480 

20,660 

114,200 

10,670 

19,200 

106,100 

84 

0.6566 

5 474 

11,490 

20,690 

113,300 

10,680 

19,220 

105,200 

86 

0.6506 

5 424 

11,510 

20,720 

112,400 

10,690 

19,240 

104,400 

88 

0.6446 

5.375 

11,530 

20,750 

111,500 

10,700 

19,260 

103,500 

00 

0.6388 

5.326 

11,540 

20,780 

110,700 

10,710 

19.280 

102,700 

92 

0.6331 

5.278 

11,560 

20,810 

109,800 

10,720 

19,300 

101,900 

94 

0.6275 

5.232 

11,570 

20,830 

109,000 

10,740 

19,320 

101,100 

96 

0.6220 

5.186 

11,590 

20,860 

108,100 

10,750 

19,340 

100,300 

98 

0.6166 

5.140 

11,600 

20,880 

107,300 

10,760 

19,360 

99,500 

loo 

0 6112 

5.096 

11,620 

20,910 

106,500 

10,770 

19,380 

98,700 

105 

0.5983 

4.988 

11,650 

20,970 

104,600 

10,790 

19,420 

96,800 

110 

0 5859 

4.885 

11,680 

21,020 

102,700 

10,810 

19,460 

95,100 

115 

0.5740 

4.786 

11,710 

21,070 

100,900 

10,830 

19,490 

93,300 

120 

0.5026 

4.691 

11,740 

21,120 

99,100 

10,850 

19,530 

91,600 

126 

0.5517 

4.599 

11,760 

21,170 

97,400 

10,860 

19,560 

90,000 

130 

0.5411 

4.511 

11,790 

21,210 

95,700 

10,880 

19,590 

88,400 

135 

0.5310 

4.427 

11,810 

21,250 

94,100 

10,900 

19,610 

86,800 

140 

0.5212 

4 345 

11,830 

21,290 

92,500 

10,910 

19,640 

85,300 

145 

0.5118 

4.267 

11,850 

21,330 

91,000 

10,920 

19,660 

83,900 


^Thermal Properties of Petroleum Products, NBS (U,S*) MUc, Pub, 97, 1933. 
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Table 7-18. Heats of Combustion of Gasoline-Benzol Mixtures^ 


Gravity 

Btu/gal, Qv. Mixtures eontaining 0 to 60 per cent benzol, by volume 



0 

10 

20 

80 

40 

50 

60 

Deg API 

Sp gr at 








at 60®F 

60°/60°F 











Total heat of combustion at constant volume 


40 

0.8251 

135,800 

134,800 

133,800 

132,800 

131,800 

130,800 

129,700 

41 

0 8203 

135,200 

134,200 

133,200 

132,200 

131,200 

130,100 

129,000 

42 

0.8155 

134,700 

133,700 

132,700 

131,600 

130,600 

129,500 

128,400 

43 

0 8109 

134,100 

133,100 

132,100 

131,000 

130,000 

128,900 

127,700 

44 

0.8063 

133,500 

132,500 

131,500 

130,400 

129,400 

128,300 

127,100 

46 

0 8017 

132,900 

131,900 

130,900 

129,900 

128,800 

127,700 ^ 

126,400 

46 

0 7972 

132,400 

131,400 

130,300 

129,300 

128,200 

127,000 

125.800 

47 

0 7927 

131,800 

130,800 

129,700 

128,700 

127,600 1 

126,400 

125,200 

48 

0 7883 

131,200 

130,200 

129,200 

128,100 

127,000 

125,800 

124,500 

49 j 

0.7839 

130,700 

129,600 

128,600 

127,500 

126,400 

125,200 

123,800 

60 

0 7796 

130,100 

129,100 

128,000 ! 

126,900 

125,800 

124,600 

123,200 

51 

0 7753 

129,600 

128,500 

127,400 j 

126,300 

125,200 

123,900 1 

122,600 

52 

0 7711 

129,000 

128,000 

126,900 

125,700 

124,600 

123,300 

122,000 

53 

0 7669 

128,500 

127,400 

126,300 

125,200 

124,000 

122,700 

121,300 

54 

0.7628 

128,000 

126,900 

125,800 

124,600 

123,400 

122,100 

120,700 

66 

0 7587 

127,400 

126,300 

126,200 

124,000 

122,800 

121,500 

120,000 

56 

0 7547 

126,900 

125,800 

124,700 

123,500 

122,200 

120,900 

119,400 

57 

0 7507 

126,400 

125,200 

124,100 

122,900 

121,700 

120,300 

118,800 

58 

0 7467 

125,800 

124,700 

123,600 

122,300 

121,100 

119,700 

118,100 

59 

0 7428 

125,300 

124,200 

123,000 

122,800 

120,600 

119,100 

117,600 

60 

0.7389 

124,800 

1 

123,600 

122,500 

121,300 

120,000 

118,500 

116,900 


Net heat of combustion at constant pressure 

40 

0.8251 

1 

127,300 

126,700 

126,000 

125,300 

124,700 

124,000 

123,200 

41 

0 8203 

126,700 

126,100 

125,400 

124,700 

124,100 

123,400 

122,600 

42 

0 8155 

126,200 

125,500 

124,800 

124,100 

123,500 

122,700 

122,000 

43 

0 8109 

125,600 

124,900 

124,200 

123,600 

122,900 

122,100 

121,300 

44 

0.8063 

125,000 

124,300 

123,700 

123,000 

122,300 

121,500 

120,700 

46 

0 8017 

124,400 

123,800 

123,100 

122,400 

121,700 

120,900 

120,100 

46 

0 7972 

123,900 

123,200 

122,500 

121,800 

121,100 

120,300 

119,400 

47 

0 7927 

123,300 

122,600 

121,900 

121,200 

120,500 

119,700 

118,800 

48 

0 7883 

122,800 

122,100 

121,400 

120,700 

119,900 

119,100 

118,200 

49 

0.7839 

122,200 

121,500 

120,800 

120,100 

119,300 

118,500 

117.600 

60 

0.7796 

121,700 

121,000 

120,300 

119,500 

118,700 

117,900 

117,000 

51 

0 7763 

121,100 

120,400 

119,700 

118,900 

118,100 

117,300 

116,300 

52 

0 7711 

120,600 

119,900 

119,200 

118,400 

117,600 

116,700 

115,700 

53 

0.7669 

120,100 

119,300 

118,600 

117,800 

117,000 

116,100 

115,100 

54 

0.7628 

119,500 

118,800 

118,100 

117,300 

116,400 

115,500 

114,500 

66 

0.7687 

119,000 

118,300 

117,500 

116,700 

115,900 

114,900 

113,900 

56 

0 7547 

118,500 

117,700 

117,000 

116,200 

115,300 

114,400 

113,300 

67 

0 7507 

118,000 

117,200 

116,400 

115,600 

114,800 

113,800 

112,700 

58 

0 7467 

117,500 

116,700 

116,900 

115,100 

114,200 

113,200 

112,100 

59 

0.7428 

116,900 

116,200 

115,400 

114,500 

113,600 

112,600 

111,500 

60 

0.7389 

116,400 

115,600 

114,800 

114,000 

113,100 

112,100 

110,900 


1 Thermal Properties of Petroleum Products, NES (C.S). Misc, Pub. 97, 1933. 
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Table 7-19. Empirical Equations for Thermal Properties of Petroleum Products^ 



Experimental 

range 

Units £mi»rical equation 

d 

i 


In engineering units: d = sp gr at 80V60“F, t — temp, deg F; p = pressure, psia; imit volume of liquid = gal, measured at 60”F 


Coefficient of expansion of 
liquid 

^ ^ = A + 2B(f - 60) [See note a] 

0 61-1 00 

32-200 

5 

Total heat of combustion at 
constant volume 

Btu/lb = 22,320 - 3,780d2 1 

Btu/gal = 186,087d - 31,515d* i 

0 51-0 99 


1 

Specific volume of vapor 

ftMb = 0.242(4 + 460) (1.03 - d) 

p d 

0 51-0 80 


10 

Thermal conductivity of 
liquid 

ll-0.0003»-32)] 

0 78-0 95 

32-400 

10 

Spedfic heat of liquid 

Btu/lb “F =^(0 388 + 0.000450 ) 

0 72- 096 

32-750 

5 


Btu/gal “F = Vd (3.235 + 0.003754) f 




Latent heat of vaporization 

Btu/lb =^(110.9 -0.094) 1 

0 64-0 91 

100-600 

10 


Btu/gal = 926 - 0.754 ) 




Heat content of liquid 

Btu/gal = Vd (3.2354 + 0.0018754* - 105.5) 

0 72-0 96 

32-750 

5 

Heat content of vapor 

Btu/gal = Vd (3.2354 + 0.0018754* - 105.5) + 925 - 0 754 

0 64-0 91 

100-600 

5 

In metric units* d « density, g/ml at 16®(v; t — temp, ®(^; p = pressure, atm, unit volume of liquid == ml measured at 15®C 

Coefficient of expansion of 
liquid 

1 dV 

= A + 2B(4 - 15) [See note b] 

0 61-1 00 

0-100 

5 


Total heat of combustion at Cal/g = 12,400 — 2,100d* 

constant volume Cal/ml = 12,400d — 2,100d3 

Spedfio vdumo of vapor . dM:^) 


Thermal conductivity of cm 


- (1 - 0.00054t) 


Specific heat of liquid . Cal/g °C = —— (0.403 + 0.000810 

Vd 

Cal/ml *C = Vd (0.403 + 0.000810 

Latent heat of vaporization Cal/g = 3 (60 — 0.090 

d 

Cal/ml = 60 - 0.091 

Heat content of liquid Cal/ml = Vd (0.4031 + 0.00040510 

Heat content of vapor Cal/ml = 60 (0.403 Vd — 0.09)1 + 0.000406 V^l* 


0 51-0 99 1 

0 51-0 80 10 

0 78-0 95 0-200 10 

> 0 72-0 96 0-400 5 

0 64-0 91 40-300 10 

0 72-0 96 0-400 5 

0 64-0 91 40-300 5 


1 Thermal Properties of Petroleum Products, NBS (UJS.), Mm. Pub 97, 1933. 

“log U X 106) « 0.835 -f (0.70/d); log (B X lO*) = (2.10/d) - 1.20. 

»log U X 106) = 1.09 -h (0.70/d); log (B X 10») = (2.10/d) - 0 69. 

perature and with the density of the oils. Empirical equations have been found 
which represent with moderate accuracy what appear to be the most reliable experi¬ 
mental data at present available. 

Table 7-19 contains a summary of these equations expressed in engineering units 
and also in metric units. Further discussion and reference tables calculated from 
these equations are presented in the pages following. 

Thermal Conductivity. The data on thermal conductivity of petroleum, liquids 
given in Table 7-20, were calculated from the following equation: 

o Qi q 

K = [1 - 0.0003(^ - 32)] 
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where K = thermal conductivity, Btu/hr/sq ft, and per deg F per in, of thickness 
d = specific gravity of liquid at 60y60°F 
t — temperature, deg F 

The thermal conductivity of paraffin wax decreases slightly with increased tem¬ 
perature, about 0.1 per cent per degree Fahrenheit and probably decreases rapidly 
near the melting point, becoming equal to that for petroleum liquids of corresponding 
gravity at temperatures above the melting point. 

Example of Use of Table 7-20: The opposite faces of a slab of petroleum asphalt, 3 in. 
thick, are maintained at 32 and 77°F, respectively. What is the heat per day through 
each square foot of the slab? 

Answer: 1.2 X 24 X 1 X = 432 Btu 


Table 7-20. Thermal Conductivity of Petroleum Products^ 


Temp 

Liquids of various gravities 

Solids 

Deg API at 60®F 

Amorphous 

Crystalline 

10 

20 

30 

40 

60 

60 

Asphalt 

Paraffin wax 

Specific gravity at 60°/60°F | 

1 0000 

0 9340 

0 8762 

0 8251 

0.7796 

0 7389 

De« F 

Units: Btu/hr/sq ft, and deg F per in. 

0 

200 

400 

600 

800 

1 

0 82 

0 77 

0 72 

0 07 

0 63 

0 88 

0 83 

0 77 

0 72 

0 67 

0 94 

0 88 

0 83 

0 77 

0 71 

1 00 
0.94 

0 88 

0 82 

1 05 

0 99 
0.93 

1 11 

1 05 

0 98 

1.2 1 1.6 
(For temperature range, 
32°F to melting point) 

Deg C 

Units: cal/sec/cm2, and deg C per cm 

0 

100 

200 

300 

400 

0 00028 

0 00027 

0 00025 

0 00024 

0 00022 

0 00030 

0 00028 
0.00027 

0 00025 
0.00024 

0 00032 

0 00030 
0.00029 

0 00027 

0 00025 

0 00034 

0 00032 

0 00030 

0 00028 

0 00036 

0 00034 

0 00032 

0 00038 

0 00036 
0.00034 

0 00040 1 0 00056 

(For temperature range, 
0®C to melting point) 


1 Thermal Properties of Petroleum Products, NBS {U.S.) Miac, Pub. 97, 1933. 


Specific Heat of Petroleum Oils. The data on specific heat of petroleum oils, given 
in Tables 7-21 and 7-22, were calculated from the equation 

c = (0.388 + 0.000450 ] 

where c = specific heat, Btu/lb/deg F, or cal/g/deg C 
d = specific gravity at 60°/60°F 
t = temperature, deg F. 

Bureau of Standards experimental results on oils from mixed-base crudes were in 
excellent agreement with the calculated values; whereas the results on oils from 
paraffin-base crudes were systematically higher by about 2 per cent; and the results 
on oils from naphthene-base crudes are systematically lower by about 2 per cent. 
These data are considered accurate within about 5 per cent at constant pressures 
of 1 atm; they are probably somewhat too low for pressures much above 100 psi. 





m 


PBTROLEirJif AED PETROLMC/M EEEIVATIVES 


Table 7-21. Specific Heat of Petroleum Oils of Various Gravities* 

(In Btu per pound per degree Fahrenheit, or calories per gram per degree centigrade) 



Deg API at 60°F 

Temp, 1 

deg F 

10 

80 

SO 

40 

50 

60 

70 

80 

Specific gravity at 60°/60°F 


1.0000 

0.9340 

0 8762 

0 8251 

0 7796 

0.7389 

0.7022 

0.6690 

0 

0 388 

0 401 

0 415 

0 427 

0 439 

0 451 

0 463 

0 474 

20 

0 397 

0 411 

0 424 

0 437 

0 450 

0 462 

0 474 

0 485 

40 

0 406 

0 420 

0 434 

0.447 

0 460 

0 472 

0 485 

0 496 

60 

0.415 

0 429 

0.443 

0 457 

0 470 

0 483 

0 495 

0 507 

SO 

0.424 

0 439 

0.453 

0 467 

0.480 

0.493 

0 506 

0 518 

100 

0 433 

0 448 

0 463 

0 477 

0 490 

0 504 

0 517 

0 529 

120 

0 442 

0 457 

0.472 

0.487 

0 501 

0 514 

0 527 

0 540 

140 

0 451 

0 467 ! 

0 482 

0 497 

0 511 

0 525 

0 538 

0 551 

160 

0 460 

0 476 

0 491 

0 506 

0 521 

0 535 

0 549 

0 562 

180 

0 469 

0 485 

0 501 

0 516 

0 531 

0 546 

0.560 

0 573 

soo 

0 478 

0 495 

0 511 

0 526 

0 541 

0 556 

0 570 

0.584 

220 

0 487 

0 504 

0 520 

0 536 

0 552 

0 567 

0 581 


240 

0 496 

0 513 

0 530 

0 546 

0 562 

0 577 

0 592 


260 

0 505 

0 523 

0 540 

0 556 

0 572 

0 588 

0 603 


280 

0 514 

0 532 

0 549 

0 566 

0 582 

0.598 

0 613 


300 

0 523 

0 541 

0 559 

0 576 

0 592 

0 609 

0.624 


320 

0 532 

0 550 

0 568 

0 586 

0 603 

0 619 



340 

0 541 

0 560 

0 578 

0 596 

0 613 

0 629 



360 

0.550 

0 569 

0 588 

0 606 

0 623 

0 640 



380 

0 559 

0 578 

0 597 

0.615 

0.633 

0.650 



400 

0 568 

0 588 

0 607 

0 625 

0.643 

0.661 



420 

0 577 

0 597 

0 616 

0 635 

0 653 




440 

0 586 

0 606 

0.626 

0 645 

0 664 




460 

0 595 

0 616 

0 636 

0 655 

0 674 




480 

0.604 

0 625 

0 645 

0 665 

0 684 




500 

0 613 

0 634 

0 655 

0 675 

0.694 




520 

0 622 

0 644 

0 665 

0 685 





540 

0 631 

0 653 

0.674 

0 695 





560 

0 640 

0 662 

0 684 

0 705 





580 

0.649 

0.672 

0 693 

0 715 





600 

0 658 

0 681 

0 703 

0 724 





620 

0 667 

0 690 

0 713 






640 

0 676 

1 0 699 

0 722 






660 

0 685 

0 709 

0 732 






680 

0 694 

0 718 

0 741 






700 

0.703 

0.727 

0 751 






720 

0 712 

0.737 

0 761 






740 

0 721 

0 746 

0 770 






760 

0 730 

0 755 

0.780 






780 

0.739 

1 0.765 

0.790 






800 

0 748 

0.774 

0.799 







1 Thermal Properties of Petroleum Products, NBS (U.S.) Miac. Pub. 97, 1933. 
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Table 7-22. Specific Heat of Petroleum Oils of Various Gravities^ 

(In Btu per gallon per degree Fahrenheit) 



Deg API at 60°F 


10 

20 

80 

40 

00 

60 

70 

80 

Temp, 









dog F 

Specific gravity at 60®/60°F 


1.0000 

0.9340 

0.8762 

0 8251 

0 7796 

0.7389 

0.7022 

0.6690 

0 

3 23 

3 13 

3 03 

2 94 

2 86 

2 78 

2.71 

2 65 

20 

3 31 

3 20 

3.10 

3 01 

2 92 

2 85 

2 77 

2.71 

40 

3.38 

3 26 

3.17 

3 07 

2 99 

2 91 

2 84 

2 77 

60 

3.46 

3.33 

3.24 

3 14 

3.06 

2 97 

2 90 

2.83 

80 

3.53 

3.41 

3.31 

3.21 

3.12 

3.04 

2.96 

2.89 

100 

3.61 

3 49 

3.38 

3.28 

3.19 

3.10 

3 02 

2 95 

120 

3.69 

3 56 

3.45 

3.35 

3 25 

3.17 

3.09 

3 01 

140 

3 76 

3 63 

3.52 

3 41 

3.32 

3.23 

3 15 

3 08 

160 

3 84 

3 71 

3 59 

3 4a 

3.39 

3 30 

3 21 

3 14 

180 

3 91 

3 78 

3.66 

3.55 

3.45 

3 36 

3 28 

3.20 

200 

3 99 

3 85 

3.73 

3 62 

3 52 

3 43 

3 34 

3.26 

220 

4 06 

3 92 

3 80 

3 69 

3 58 

3 49 

3 40 


240 

4 14 

4 00 

3 87 

3 76 

3 65 

3 55 

3.46 


260 

4 21 

4 07 

3 94 

3 82 

3 72 

3 62 

3.53 


280 

4.29 

4 14 

4 01 

3.89 

3 78 

3 68 

3.59 


800 

4 36 

4 21 

4 08 

3 96 

3 86 

3 75 

3.65 


320 

4 44 

4.29 

4 15 

4 03 

3 93 

3 81 



340 

4 51 

4 36 

; 4 22 

4.09 

3 99 

3 88 



360 

4 59 

4 43 

4 29 

4 16 

4 06 

3.94 



380 

4.66 

4.50 

4.36 

4 23 

4 12 

4.01 



400 

4.74 

4 58 

4 43 

4 30 

4 19 

4.07 



420 

4 81 

4 65 

4 50 

4 37 

4 26 




440 

4 89 

4 72 

4 57 

4.44 

4 32 




460 

4 96 

4.79 

4 64 

4 50 

4.39 




480 

5.04 

4 87 

4 71 

4.57 

4.46 




000 

5 11 

4.94 

4 78 

4 64 

4.52 




520 

6.19 

5.01 

4 85 

4 71 





640 

5 26 

5.08 

4 92 

4.78 





560 

5 34 

5 16 

4 99 

4 84 





580 

5.41 

5 23 

5.06 

4.91 





600 

5 49 

5 30 

5 13 

4.98 





620 

6.56 

5 37 

5 20 






640 

5 64 

5 45 

5 27 






660 

5.71 

5 52 

5 34 






680 

5.79 

5.59 

5.41 






700 

5 86 

5 66 

5 49 






720 

6 94 

5 74 

5 56 






740 

6 01 

5 81 

5 63 






760 

6 09 

5 88 

5 70 






780 

6.16 

5 95 

5 77 






800 

6.24 

6 03 

5 84 



i 




1 Thermal Properties of Petroleum Products, NBS (17.5.) MUc. Pub. 97, 1933. 
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Since the relation between true specific heat and temperature is linear, the mean 
specific heat between any two temperatures is equal to the true specific heat at the 
mean temperature. 

These data do not take into account such quantities as latent heat of fusion, latent 
heat of vaporization, and heat of reaction (cracking). 

Specific Heat of Petroleum Asphalt. Petroleum asphalt may be regarded thermally 
as a subcooled liquid with no heat of transformation from liquid to apparent solid. 

Measurements of the Bureau of Standards on a sample of petroleum asphalt 
agreed within 2 per cent with the data given in the 10° API columns of Tables 7-21 
and 7-22, which indicates that the data in these columns are probably applicable to 
petroleum asphalts and to the bitumen content of natural asphalts. 

Specific Heat of Asphalt Construction Mixtures. In many practical applications, 
petroleum asphalt is mixed with various amounts of solids such as sand and crushed 
rock. The specific heat of such mixtures may be obtained from the equation 

Cm = 0.01[(100 - x)Ca + xCd 

where x ==* per cent, by weight, of solids 
C = specific heat 

a, s, and m = asphalt, solids, and mixture 

The relation C« = 0.18 + 0.00006<°F may be used for the solid constituents. 

Latent Heat of Vaporization. The data on latent heat of vaporization of petroleum 
oils, given in Table 7-23, were calculated from the equation 

L = 2 (110.9 - 0.090 

where L == latent heat of vaporization, Btu/lb 
d = specific gravity of liquid at 60°/60°F 
t = temperature, deg F 

This equation yields the following convenient relation: 

L (Btu/lb) X density (lb/gal) = 8.33722Lc/ = 925 - 0.75< (Btu/gal) 

which indicates that the latent heat of vaporization per unit of volume of liquid 
(60°F) is dependent only on the temperature of vaporization. Thus the values given 
in the second column of Table 7-23 are applicable to any petroleum oil, regardless of 
gravity. The values given in the other columns are applicable, in general, to all 
cases of vaporization of petroleum products in which the temperature of vaporization 
and the gravity of the condensate are known. 

The estimated accuracy of the data in Table 7-23 is 10 per cent, when vaporization 
occurs at sensibly constant temperature and at pressures below 50 psi, without 
chemical change. They are probably too low by more than this amount for petroleum 
products containing large quantities of the lower members of the aromatic series and 
too high for vaporization at high pressures. 

Total Heat Content of Petroleum Liquids. Calculations of the quantities of heat 
involved in the heating and cooling of fluids are very simple when use is made of the 
thermodynamic function called heat content (also called total heat and enthalpy). 
For this reason, data on specific and latent heats have been combined to yield the heat- 
content data given in Tables 7-24 and 7-25. Strictly speaking, the data in these 
tables represent heat content at 1 atm pressure, since they are based on measurements 
made at atmospheric pressures. The magnitude of the change of heat content with 
pressure (temperature constant) is small, however, being comparable with the esti¬ 
mated accuracy of these data in general for pressures below 1,000 psi. 

Following usual practice, the heat content of liquid has been arbitrarily assigned 
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Table 7-23. Latent Heat of Vaporization of Petroleum Oils of Various Gravities' 

(In Btu per pound) 


Temp, 
deg F 

Latent 
heat, 
10°-80° 
API oils, 
Btu/gal 



Deg API at 60®F 


• 

20 

80 

40 

60 

60 

70 

$0 

Specific gravity at 60®/60°F 

0.9340 

0.8762 

0.8251 

0.7796 

0.7389 

0.7022 

0.6690 

0 

925 




142 

150 

158 

166 

20 

910 




140 

148 

155 

163 

40 

895 



. . 

138 

145 

153 

160 

60 

880 




135 

143 

150 

158 

80 

865 




133 

140 

148 

155 

100 

850 



123 

131 

138 

145 

152 

120 

835 



121 

128 

135 

143 

150 

140 

820 



119 

126 

133 

140 

147 

160 

805 



117 

124 

131 

137 

144 

180 

790 



115 

121 

128 

135 

142 

200 

775 


106 

113 

119 

126 

132 

139 

220 

760 


104 

no 

117 

123 

130 


240 

745 


102 

108 

115 

121 

127 ' 


260 

730 


100 

106 

112 

118 

125 


280 

715 


98 

104 

no 

116 

122 


300 

700 

90 

96 

102 

108 

113 

119 


320 

685 

88 

94 

99 

105 

111 



340 

670 

86 

92 

97 

103 

109 



360 

655 

84 

90 

95 

101 

106 



380 

640 

82 

88 

93 

98 

104 



400 

625 

80 

85 

91 

96 

101 



420 

610 

78 

83 

89 

94 




440 

595 

76 

81 

86 

91 




460 

580 

74 

79 

84 

89 




480 

565 

73 

77 

82 

87 




000 

550 

71 

75 

80 

85 




520 

535 

69 

73 

78 





540 

520 

67 

71 

75 





560 

505 

65 

69 

73 





580 

490 

63 

67 

71 





600 

475 

61 

65 

69 





620 

460 

59 

63 






640 

445 

57 

61 






660 

430 

55 

59 






680 

415 

53 

57 






700 

400 

51 

55 






720 

385 

49 

53 

1 





740 

370 

47 

51 






760 

355 

45 

48 






780 

340 

44 

46 






800 

325 

42 

44 







^ Thermal Properties of Petroleum Products, NBS (,U.S.) Miac. Pub. 97, 1033. 
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the value zero at 32°F. Thus, for all practical purposes, the heat content of petro¬ 
leum liquids Hx is given by the equation 



where Ux =« total heat content above 32®F 
c — specific heat 
d — specific gravity 
t — temp, deg F 

The estimated accuracy of the data in Table 7-24 as heat content at 1 atm pressure 
is 5 per cent. The data are probably too low by more than this amount in the neigh¬ 
borhood of the critical point. 

The estimated accuracy of the data in Table 7-25 is as follows: 5 per cent for vapor 
saturated at atmospheric pressure or below; 10 per cent for vapor saturated at any 
temperature and pressure; 15 per cent for vapor at any pressure and superheated by 
any amount. The data do not take into account heats of chemical reactions. As 
the specific heat data are too low and the data on latent heat of vaporization too high 
for the higher pressures, there is considerable compensation in the resultant values 
for heat content. There is an analogous compensation in the case of vapors rich in 
aromatics. 

Example of Use of Table 7-24: How much heat is required to raise the temperature of 
a 30®API oil from 70 to 500°F? The result is obtained from the table as follows: 

Heat content at 500®r = 1,854 Btu/gal 
Heat content at 70®F « 122 Btu/gal 

Heat required (difference) = 1,732 Btu/gal 

Example of Use of Table 7-26 : How much heat must be removed in a condenser in order 
to change vapor at 600®F into liquid at 80®F, the gravity of the condensate being 50®API 
at 60®F? The result is obtained from the tables as follows: 

Heat content of vapor at 500®F = 2,299 Btu/gal (Table 7-25) 

Heat content of liquid at 80®F = 146 Btu/gal (Table 7-24) 

Heat removed (difference) = 2,153 Btu/gal 

Heat Content of Asphalt. The data given in Table 7-26, on the heat content of 
asphalts containing various percentages of mineral matter, were calculated from the 
following equation: 

Ha = (0.388f + 0.000225f2 - 12.65)(1 - O.Olx) + (0.18^ + 0.00003^2 - 5.76)0.01 

where t « temperature, deg F 

X — per cent, by weight, of mineral matter 

The data contained in the column marked ‘^0 per cent” are applicable to the 
bitumen content of natural asphalts and to petroleum asphalts which usually contain 
only small amounts of mineral matter. The data given in the columns marked ^‘10 
per cent’’ to “80 per cent,” inclusive, are applicable to natural asphalts and to mix¬ 
tures of natural or petroleum asphalts with known amounts of mineral matter. In 
using these data, it should be noted that the content of mineral matter, as used here, 
includes the so-called “free-carbon” content of the asphalt. 

The values of heat content given in Table 7-26 are too small for products containing 
water or wax by amounts which vary in proportion to the quantities of these materials 
present. 

Example of Use of Table 7-26: How much heat is required to raise the temperature of 
asphalt containing 10 per cent of mineral matter from 60 to 400®F? 

Heat content at 400®F, 168 Btu, minus heat content at 60®F, 11 Btu, equals 157 Btu 
per lb. 
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Table 7-24. Heat Content of Petroleum Liquids of Various Gravities^ 

(In Btu per gallon. Unit is 1 gal at 60®F) 

Deg API at 60°F f 


Temp, 

10 

20 

80 

40 

60 

60 

70 

80 

deg F 



Specific gravity at 60®/6C 

I® F 




1.0000 

0 9340 

0.8762 

0.8251 

0.7796 

I 

0 7389 

! 

0.7022 

0.6690 

0 

-105 

-102 

-99 

-96 

-93 

-91 

-88 

-86 

10 

-73 

-70 

-68 

-66 

-64 

-64 

-61 

-60 

20 

-40 

-39 

-37 

-36 

-35 

-34 

-34 

-33 

32 

0 

0 

0 

0 

0 

0 

0 

0 

40 

+27 

+26 

+25 

+24 

+24 

+23 

+23 

+22 

50 

61 

59 

57 

55 

54 

52 

51 

50 

60 

95 

92 

89 

86 

84 

82 

80 

78 

70 

130 

126 

122 

118 

115 

112 

109 

106 

80 

165 

160 

155 

150 

146 

142 

138 

135 

90 

201 

194 

188 

182 

177 

173 

168 

164 

100 

237 

229 

222 

215 

209 

204 

198 

194 

no 

273 

264 

256 

248 

241 

235 

229 

223 

120 

310 

300 

290 

281 

273 

267 

260 

253 

130 

347 

335 

325 

315 

306 

299 

291 

284 

140 

384 

371 

360 

1 349 

1 

339 

331 

. 322 

314 

160 

422 

408 

395 

383 

372 

363 

354 

345 

160 

460 

445 

431 

I 418 

406 

396 

386 

376 

170 

499 

482 

467 

1 453 

440 

429 

418 

408 

180 

538 

520 

503 

1 488 

475 

462 

461 

440 

190 

577 

558 

540 

524 

509 

496 

484 

472 

200 

617 

596 

577 

560 

544 

530 

517 

504 

210 

657 

635 

615 

596 

580 

564 

550 

537 

220 

697 

674 

652 

633 

615 

599 

584 

570 

230 

738 

713 

691 

670 

651 

634 

618 

603 

240 

779 

753 

729 

707 

688 

669 

653 

637 

200 

820 

793 

768 

745 

724 I 

705 

688 

671 

260 

862 

833 

807 

783 

761 

741 

723 

705 

270 

904 

874 

847 

822 

799 

778 

768 

740 

280 

947 

915 

887 

861 

836 

814 

794 

775 

290 

990 

957 

927 

900 

874 

851 

830 

810 

300 

1,034 

999 

968 

939 

913 

889 

866 

846 

310 

1,078 

1,041 

1,009 

979 

952 

926 

903 

881 

320 

1,122 

1,084 

1,050 

1,019 

911 

964 

940 

917 

330 

1,166 

1,127 

1,092 

1,059 

1,030 

1,002 

977 

954 

340 

1,211 

1,170 

1,134 

1,100 

1,070 

1,041 

1,015 

981 

360 

1,256 

1,214 

1,176 

1,141 

1,110 

1,080 

1,053 

1,028 

360 

1,302 

1,258 

1,219 

1,183 

1,150 

1,119 

1,091 

1,065 

370 

1,348 

1,303 

1,262 

1,225 

1,190 

1,159 

1,130 

1,103 

380 

1,395 

1,348 

1,306 

1,267 

1,231 

1,199 

1,169 

1,141 

390 

1,441 

1,393 

1,349 

1,309 

1,273 

1,239 

1,208 

1,179 
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Table 7-24. Keat Content of Petroleum Liquids of Various Gravities.^ {Continued) 



Deg API at 60®F 


10 

10 

SO 

SO 

30 

80 

40 

40 

Temp, 









deg F 












Specific gravity at 60°/60°F 




1.0000 

0.9659 

0.9340 

0.9042 

0 8762 

0.8498 

0.8251 

0 8017 

400 

1,489 

1,463 

1,439 

1,416 

1,393 

1,372 

1,352 

1,333 

410 

1,536 

1,510 

1,485 

1,461 

1,438 

1,416 

1,395 

1,375 

420 

1,584 

1,557 

1,531 

1,506 

1,483 

1,460 

1,439 

1,418 

430 

1,632 

1,604 

1,578 

1,552 

1,528 

1,505 

1,483 

1,461 

440 

1,681 

1,652 

1,625 

1,598 

1,573 

1,549 

1,527 

1,505 

400 

1,730 

1,700 

1,672 

1,645 

1,619 

1,595 

1,571 

1, .549 

460 

1,779 

1,749 

1,720 

1,692 

1,666 

1,640 

1,616 

1,593 

470 

1,829 

1,798 

1,768 

1,740 

1,712 

1,686 

1,661 

1,638 

480 

1,879 

1,847 

1,816 

1,787 

1,759 

1,732 

1,707 

1,683 

490 

1,930 

1,897 

1,865 

1,835 

1,806 

1,779 

1,753 

1,728 

000 

1,981 

1,947 

1,914 

1,884 

1,854 

1,826 

1,799 

1,774 

510 

2,032 

1,997 

1,964 

1,932 

1,902 

1,873 

1,846 

1,820 

520 

2,084 

2,048 

2,014 

1,981 

1,950 

1,921 

1,893 

1,866 

530 

2,136 

2.099 

2,064 

2,031 

1,999 

1,969 

1,940 

1,912 

540 

2,188 

2,151 

2,115 

2,081 

2,048 

2,017 

1,988 

1,959 

000 

2,241 

2,203 

2,166 

2,131 

2,097 

2,066 

2,036 

2,007 

560 

2,294 

2,255 

2,217 

2,182 

2,147 

2,115 

2,084 

2,054 

570 

2,348 

2,308 

2,269 

2,233 

2,197 

2,164 

2,133 

2,102 

580 

2,402 

2,361 

2,321 

2,284 

2,248 

2,214 

2,182 

2,150 

590 

2,456 

2,414 

2,373 

2,335 

2,299 

2,264 

2,231 

2,199 

600 

2,511 

2,467 

2,426 

2,387 

2,350 

2,314 

2,281 

2,248 

610 

2,566 

2,521 

2,479 

2,440 

I 2,402 

2,365 

2,.331 

2,297 

620 

2,621 

2,576 

2,533 

2,492 

2,454 

2,416 

2,381 

2,347 

630 

2,677 

2,631 

2.587 

2,545 

2,500 

2,467 

2,432 

2,397 

640 

2,733 

2,686 

2,641 

2,599 

2,558 

2,519 

2,483 

2,447 

600 

2,789 

2,741 

2,696 

2,652 

2,611 

2,571 

2,534 

2,497 

660 

2,846 

2,797 

2,751 

2,706 

2,665 

2,624 

2,586 

2,548 

670 

2,903 

2,854 

2,806 

2,761 

2,718 

2,677 

2,6.38 

2,600 

680 

2,961 

2,911 

2,862 

2,815 

2,772 

2,730 

2,690 

2,651 

690 

3,019 

2,968 

2,918 

2,871 

2,826 

2,783 

2,743 

2,703 

700 

3,078 

3,025 

2.974 

2,927 

2,881 

2,837 

2,796 

2,756 

710 

3,137 

3,083 

3,031 

2,983 

2,936 

2,891 

2,849 

2,809 

720 

3,196 

3,141 

3,088 

3,039 

2,991 

2,946 

2,903 

2,862 

730 

3,255 

3,199 

3,146 

3,095 

3,047 

3,001 

2,957 

2,915 

740 

3,315 

3,258 

3,204 

3,152 

3,103 

3,056 

3 on 

2,969 

700 

3,376 

3,318 

3,262 

3,210 

3,159 

3,111 

3,066 

3,023 

760 

3,436 

3,377 

3,321 

3,268 

3,216 

3,167 

3,121 

3,078 

770 

3,497 

3,437 

3,380 

3,326 

3,273 

3,224 

3,177 

3,131 

780 

3,559 

3,498 

3,440 

3,384 

3,331 

3,280 

3,232 

3,186 

790 

3,621 

3,558 

3,499 

3,443 

3,389 

3,337 

3,289 

3.242 

800 

3,683 

3,619 

3,559 

3,502 

3,447 

3,395 

3,345 

3,297 


1 Thermal Properties of Petroleum Products, NBS iU,S,) MUc, Piib, 97, 1933. 




PETROLEUM TERMS, TESTS, AND CHARACTERISTICS 215 

Table 7-25. Heat Content of Petroleum Vapors’ 

(In Btu per gallon of condensed vapor) 


Deg API at 60°F 


Temp, 

20 

80 

40 

50 

60 

70 

80 

deg F 











Specific gravity at 60°/60®F 




0.9340 

0 8762 

0.8251 

0.7796 

0.7389 

0.7022 

0.6690 

0 





834 

837 

839 

10 





855 

856 

858 

20 





876 

876 

877 

32 





901 

901 

901 

40 





918 

918 

917 

50 




941 

940 

939 

937 

60 




964 

962 

960 

958 

70 




987 

984 

981 

979 

80 




1,011 

1,007 

1,003 

1,000 

90 




1,035 

1,030 

1,025 

1,022 

100 



1,065 

1,059 

1,054 

1,048 

1,044 

no 



1,090 

1,083 

1,078 

1,071 

1,066 

120 



1,116 

1,108 

1,102 

1,095 

1,088 

130 



1,142 

1,133 

1,126 

1,118 

1,111 

140 



1,169 

1,159 

1,151 

1,142 

1,134 

150 


1,208 

1,196 

1,185 

1,176 

1,166 

1,157 

160 


1,236 

1,223 

1,211 

1,201 

1,191 

1.181 

170 


1,264 

1,250 

1,238 

1,226 

1,216 

1,205 

180 


1,293 

1,278 

1,265 

1,252 

1,241 

1,230 

190 

. 

1,322 

1,306 

1,292 

1,278 

1,266 

1,254 

200 

1,371 

1,352 

1,335 

1,319 

1,305 

1,292 

1,279 

210 

1,402 

1,382 

1,364 

1,347 

1,332 

1,318 

1,304 

220 

1,434 

1,412 

1,393 

1,375 

1,359 

1,344 

1,330 

230 

1,466 

1,443 

1,422 

1,404 

1,386 

1,371 

1,356 

240 

1,498 

1,474 

1,452 

1,433 j 

1,414 i 

1 

1,398 

1,382 

250 

1,530 

1,505 

1,482 

1,462 

1 

1,442 

1,425 

1,409 

260 

1,563 

1,537 

1,513 

1,491 I 

1,471 

1,453 

1,435 

270 

1,697 

1,569 

1,544 

1,521 

1,500 

1,481 

1,462 

280 

1,630 

1,602 

1,576 

1,551 

1,529 

1,509 

1,490 

290 

1,664 

1,635 

1,607 

1,582 

1,559 

1,537 

1,618 

800 

1,699 

1,668 

1,639 

1,613 ' 

1,589 

1,566 

1,546 

310 

1,734 

1,701 

1,671 

1,644 

1,619 

1,595 

1,674 

320 

1,769 

1,735 

1,704 

1,676 

1,649 

1,625 

1,602 

330 

1,804 

1,769 

1,737 

1,708 

1,680 i 

1,655 

1,631 

340 

1,840 

1,804 

1,770 

1,740 

1,711 

1,685 

1,661 

850 

1,876 

1,839 

1,804 

1,772 

1,742 i 

1,715 

1,690 

360 

1,913 

1,874 

1,838 

1,805 

1,774 

1,746 

1,720 

370 

1,950 

1,910 

1,872 

1,838 

1,806 

1,777 

1,750 

380 

1,988 

1,946 

1,907 

1,871 

1,839 

1,809 

1,781 

390 

2,026 

1,982 

1,942 

1,905 

1,872 

1,840 

1,811 
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PETROLEUM AND PETROLEUM DERIVATIVES 


Table 7-26. Heat Content of Petroleum Vapors. ^ {Contimied) 



Deg API at eO^F 


10 

20 

20 

80 

80 

40 

45 

50 

Temp, 









deg F 












Specific gravity at 60°/60°F 




0 9659 

0 9340 

0.9042 

0 8762 

0.8498 

0 8251 

0 8017 

0.7796 

400 

2,088 

2,064 

2,041 

2,018 

1,997 

1,977 

1,958 

1,939 

410 

2,127 

2,102 

2,078 

2,055 

2,033 

2,013 

1,993 

1,974 

420 

2,167 

2,141 

2,116 

2,093 

2,070 

2,049 

2,028 

2,009 

430 

2,207 

2,180 

2,154 

2,130 

2,107 

2,085 

2,064 

2,044 

440 

2,247 

2,220 

2,193 

2,168 

2,144 

2,122 

2,100 

2,079 

460 

2.288 

2,260 

2,232 

2,207 

2,182 

2,159 

2,136 

2,115 

460 

2,329 

2,300 

2,272 

2,246 

2,220 

2,196 

2.173 

2,151 

470 

2,370 

2,340 

2,312 

2,285 

2,258 

2,234 

2,210 

2,187 

480 

2,412 

2,381 

2,352 

2,324 

2,297 

2,272 

2,248 

2,224 

490 

2,454 

2,423 

2,393 

2,364 

2,336 

2,310 

2,286 

2,262 

000 

2,497 

2,464 

2,434 

2,404 

2,376 

2,349 

2,324 

2,299 

510 

2,540 

2,506 

2,475 

2,445 

2,416 

2,388 

2,362 

2,337 

520 

2,583 

2,549 

2,516 

2,485 

2,456 

2,428 

2,401 

2,375 

530 

2,627 

2,592 

2,558 

2,526 

2,496 

2,468 

2,440 

2,413 

540 

2,671 

2,635 

2,601 

2,568 

2,537 

2,508 

2,479 

2,452 

060 

2,715 

2,678 

2,644 

2,610 

2,578 

2,549 

2,519 

2,491 

560 

2,760 

2,722 

2,687 

2,652 

2,620 

2,589 

2,559 

2,530 

570 

2,805 

2,766 

2,730 

2,695 

2,662 

2,630 

2,600 

2,570 

580 

2,851 

2,811 

2,774 

2,738 

2,704 

2,672 

2,640 

2,610 

590 

2,896 

2,856 

2,818 

2,781 

2,746 

2,714 

2,681 

2,651 

600 

2,942 

2,901 

2,862 

2,825 

2,789 

2,756 

2,723 

2,692 

610 

2,989 

2,947 

2,907 

2,869 

2,832 

2,798 

2,765 

2,733 

620 

3,036 

2,993 

2,952 

I 2,914 

2,876 

2,841 

2,807 

2,774 

630 

3,083 

3,039 

2,998 

2,958 

2,920 

2,884 

2,850 

2,816 

640 

3,131 

3,086 

3,044 

3,003 

2,964 

2,928 

2,892 

2,858 

600 

3,179 

3,133 

3,090 

3,049 

3,009 

2,972 

2,935 

2,900 

660 

3,227 

3,181 

3,136 

3,095 

3,054 

3,016 

2,978 

2,943 

670 

3,276 

3,229 

3,183 

3,141 

3,100 

3,061 

3,022 

2,986 

680 

3,326 

3,277 

3,230 

3,187 

3,145 

3,105 

3,066 

3,030 

690 

3,375 

3,325 

3,278 

3,234 

3,191 

3,150 

3,111 

3,074 

700 

3,425 

3,374 

3,327 

3,281 

3,237 

3,196 

3,156 

3,118 

710 

3,475 

3,424 

3.375 

3,328 

3,284 

3.242 

3,201 

3,162 

720 

3,526 

3,473 

3,424 

3,376 

3,331 

3,288 

3.247 

3,207 

730 

3,577 

3,523 

3,473 

3,424 

3,378 

3,334 

3,292 

3,252 

740 

3,628 

3,574 

3,522 

3,473 

3,426 

3,381 

3,339 

3,297 

700 

3,680 

3,625 

3,572 

3,522 

3,474 

3,428 

3,385 

3,343 

760 

3,732 

3,676 

3,623 

3,571 

3,522 

3,476 

3,432 

3,389 

. 770 

3,785 

3,727 

3,673 

3.621 

3,571 

3,524 

3,479 

3,435 

780 

3,838 

3,780 

3,724 

3,671 

3,620 

3,572 

3,526 

3,482 

790 

3,891 

3,832 

3,775 

3,721 

3,670 

3,621 

3,574 

3,529 

800 

3,944 

3,884 

3,827 

3,772 

3,720 

3,670 

3,622 

3,576 


Note: The unit of mass used here, because of its practical usefulness, is the weiKht of petroleum vapor 
which, when condensed, is equal to the weight of 1 gal of liquid at 60®F. 

»Thermal Properties of Petroleum Products, NBS ( U.S.) Misc, Pub. 97, 1933. 
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Temp, 
deg F 


0 

10 

20 

32 

40 

60 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

aoo 

210 

220 

230 

240 

260 

260 

270 

280 

290 

300 

310 

320 

330 

340 

360 

360 

370 

380 

390 

400 

420 

440 

460 

480 

600 


Table 7-26. Heat Content of Asphalt^ 

(In Btu i^er pound) 


Heat content of asphalts containing 0 to 80 per cent mineral matter, by weight f 


0 

10 

20 

30 

40 

00 

60 

80 

-13 

-12 

-11 

-11 

-10 

-9 

-8 

-7 

-9 

-8 

-8 

-7 

-7 

-6 

-6 

-5 

-5 

-5 

-4 

-4 

-4 

-3 

-3 

-3 

0 

0 

0 

0 

0 

0 

0 

0 

+3 

+3 

+3 

+3 

+2 

+2 

+2 

+2 

7 

7 

6 

6 

6 

5 

5 

4 

11 

11 

10 

10 

9 

8 

8 

6 

16 

15 

14 

13 

12 

11 

10 

9 

20 

19 

18 

17 

15 

14 

13 

11 

24 

23 

21 

20 

19 

17 

16 

13 

28 

27 

25 

24 

22 

21 

19 

16 

33 

31 

29 

27 

25 

24 

22 

18 

37 

35 

33 

31 

29 

27 

25 

20 

42 

39 

37 

35 

32 

30 

28 

23 

46 

43 

41 

38 

36 

33 

30 

25 

51 

48 

45 

42 

39 

36 

33 

28 

55 

52 

49 

46 

43 

40 

36 

30 

60 

57 

53 

50 

46 

43 

39 

33 

65 

61 

57 

53 

50 

46 

42 

35 

69 

65 

61 

57 

53 

49 

45 

37 

74 

70 

66 

61 

57 

53 

48 

40 

79 

74 

70 

65 

61 

56 

52 

42 

84 

79 

74 

69 

64 

60 1 

55 

45 

89 

83 

78 

73 

68 

63 1 

58 1 

47 

93 

88 

83 

77 

72 

66 

61 

50 

98 

93 

87 

81 

75 

70 

64 

52 

103 

97 

91 

85 

79 

73 

67 

55 

108 

102 

96 

89 

83 

77 

70 

58 

114 

107 

100 

94 

87 

80 

74 

60 

119 

112 

105 

98 

91 

84 

77 

63 

124 

117 

109 

102 

95 

87 

80 

65 

129 

122 

114 

106 

99 

91 

83 

68 

135 

127 

119 

111 

103 

95 

87 

71 

140 

132 

123 

115 

107 

98 

90 

73 

145 

137 

128 

120 

111 

102 

94 

76 

151 

142 

1.33 

124 

115 

106 

97 

79 

156 

147 

138 

128 

119 

110 

100 

82 

162 

152 

142 

133 

123 

113 

104 

84 

167 

157 

147 

137 

127 

117 

107 

87 

173 

163 

152 

142 

131 

121 

111 

90 

179 

168 

157 

146 

136 

125 

114 

93 

190 

178 

167 

155 

144 

133 

121 

98 

202 

189 

177 

165 

153 

140 

128 

104 

213 

200 

187 

174 

161 

148 

135 

109 

225 

212 

198 

184 

170 

156 

143 

115 

238 

223 

208 

194 

179 

165 

150 

121 


1 Thermal Properties of Petroleum Products, NBS ( U.S.) Miac. Pub. 97, 1933. 
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Table 7-27. Thermal Expansion of Volatile Petroleum Liquids^ 


Normal 
bubble 
point, 
deg F 

Vapor pressure, psig 

Approx gravity, 
at 60°F 

Expansion 

coefficients 

Lb fluid per lb 
water capacity, 
hydrostatic 
pressure, at 

70®F 

90°F 

100°F 

130°F 

Specific 

Deg 

API 

A X 10* 

B X lO'^ 

100°F 

130°F 

-60 

126 

171 

197 

291 

0 501 

151 5 

170 

98 

0 

461 

0 428 


121 

165 

190 

281 

0 504 

149 5 

167 

93 

0 

465 

0 433 

-46 

116 

159 { 

183 

272 

0 507 

147 5 

164 

88 

0 

469 

0.438 

-44 

111 

153 

176 

263 

0 510 

146 0 

161 

83 

0 

473 

0 442 

-42 

107 

147 

170 

254 

0 513 

144 5 

158 

78 

0 

.477 

0.447 

-40 

103 

141 

164 

246 

0 516 

142 5 

155 

74 

0 

481 

0 451 

-38 

99 

136 

158 

238 

0 519 

141 0 

152 

70 

0 

485 

0 455 

-36 

95 

131 

152 

230 

0 522 

139 5 

150 

67 

0 

.488 

0 459 

-34 

91 

126 

147 

222 

0 525 

138 0 

147 

63 

0 

492 

0 463 

7-32 

87 

121 

141 

214 

0 528 

136.5 

145 

60 

0, 

.495 

0 467 

-80 

83 

117 

136 

207 

0 531 

135 0 

142 

57 

0 

.498 

0.471 

-28 

80 

112 

131 

200 

0 533 

134 0 

140 

55 

0 

.501 

0 474 

-26 

76 

108 

126 

193 

0 536 

132 5 

138 

53 

0 

504 

0 478 

-24 

73 

104 

121 

187 

0 538 

131.5 

137 

51 

0 

506 

0 481 

-22 

70 

100 

117 

180 

0 540 

130 5 

135 

49 

0 

.509 

0.484 

-80 

67 

96 

112 

174 

0.542 

129 5 

134 

47 

0, 

.511 

0 487 

-18 

64 

92 

108 

168 

0.544 

128 5 

132 

46 

0 

513 

0 489 

-16 

61 

88 

104 

162 

0 546 

127 5 

131 

44 

0 

516 

0 492 

-14 

58 

84 

100 

157 

0 548 

125 6 

129 

43 

0 

518 

0 494 

-12 

56 

81 I 

96 

151 

0.550 

125 5 

128 

42 

0 

.520 

0.496 

-10 

53 

78 

92 

146 

0 552 

125 0 

127 

41 

0 

522 

0 498 

-8 

51 

75 

89 

141 

0.553 

124 0 

126 

40 

0 

523 

0 500 

-6 

48 

71 

85 

136 

0.555 

123.5 

125 

39 

0 

525 

0 502 

-4 

46 

68 

82 

131 

0 556 

123 0 

124 

38 

0 

526 

0 503 

-2 

44 

66 

78 

126 

0 557 

122.5 

124 

37 

0 

528 

0.505 

0 

42 

63 

75 

122 

0 558 

122 0 

123 

37 

0 

529 

0 506 

2 

40 

60 

72 

117 

0 560 

121 0 

122 

36 

0 

531 

0 508 

4 

38 

57 

69 

113 

0 561 

120 5 

121 

35 

0 

532 

0 509 

6 

36 

55 

66 

109 

0 562 

120 0 

120 

34 

0 

533 

0 511 

8 

34 

52 

64 

105 

0 564 

119 5 

119 

33 

0 

535 

0 512 

10 

32 

50 

61 

101 

0 565 

119 0 

119 

33 

0 

536 

0 514 

12 

30 

48 

58 

97 

0 567 

118 0 

118 

32 

0 

538 

0 516 

14 

29 

46 

56 

94 

0.568 

117 5 

117 

31 

0 

540 

0 518 

16 

27 

43 

53 

90 

0 570 

117 0 

116 

31 

0 

542 

0 520 

18 

26 

41 

51 

87 

0.572 

116.0 

115 

30 

0 

544 

0 522 

SO 

24 

39 

49 

84 

0 574 

115 0 

113 

29 

0 

547 

0 525 

22 

23 

37 

46 

80 

0 576 

114 0 

112 

28 

0 

549 

0 527 

24 

21 

36 

44 

77 

0 578 

113 0 

111 

27 

0 

551 

0 530 

26 

20 

34 

42 

74 

0.580 

112.5 

no 

26 

0 

553 

0 532 

28 

19 

32 

40 

72 

0.582 

111.5 

109 

26 

0 

555 

0 535 

80 

1 

30 

38 

69 

0 584 

111 0 

108 

25 

0 

558 

0 537 

32 

16 

29 

37 

66 

0.586 

no 0 

107 

24 

0 

560 

0 540 

34 

' 15 

27 

35 

63 

0 588 

109 0 

106 

24 

0 

562 

0 542 

36 

14 

26 

33 

61 

0 590 

108 0 

105 

23 

0 

564 

0 544 

38 

13 

24 

31 

58 

0.592 

107.0 

104 

22 

0 

567 

0 547 

40 

12 

23 

30 

56 

0 595 

106 0 

102 

21 

0 

570 

0 550 

45 

9 

20 

26 

50 

0.600 

104 5 

100 

20 

0 

575 

0 556 

60 

7 

17 

22 

45 

0 605 

102 5 

98 

19 

0 

580 

0 561 

55 

5 

14 


40 

0 610 

100 5 

96 

17 

0 

585 

0 567 

60 

3 

11 

' 16 

35 

0.615 

98 5 

94 

16 

0 

590 

0.573 

70 

0 

7 

11 

i 

28 

0 620 

96.5 

92 

i 

15 

0. 

596 

0 579 


1 Thermal Properties of Petroleum Products, NBS ( U.S.) Miac. Pub. 97, 1933. 
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Table 7-28. Thermal Expansion of Petroleum Asphalts and‘Fluxes^ 


Temp, 

t°F 

Vao 

TT 

Temp, 

i°F 

Vao 

Vt 

Temp, 

t‘»F 

Vao 

Vt 

Temp, 

Vao 

V, 

Temp, 

Tm 

T? 

0 

1.0206 

100 

0 9864 

200 

0.9527 

300 

0 9195 

' 400 

0.8869 

2 

1 0198 

102 

0.9857 

202 

0 9520 

302 

0.9188 

402 

0 8863 

4 

1 0191 

104 

0.9850 

204 

0.9513 

304 

0.9181 

404 

0.8856 

6 

1 0185 

106 

0 9844 

206 

0 9506 

306 

0.9175 

406 

0.8850 

8 

1.0178 

108 

0.9837 

208 

0 9500 

308 

0.9168 

408 

0.8843 

10 

1.0171 

110 

0 9830 

210 

0.9493 

310 

0 9162 

410 

0 8837 

12 

1 0164 

112 

0.9823 

212 

0 9486 

312 

0.9155 

412 

0 8831 

14 

1 0157 

114 

0 9816 

214 

0 9480 

314 

0 9149 

414 

0 8824 

16 

1 0150 

116 

0 9810 

216 

0.9473 

316 

0.9142 

416 

0.8818 

18 

1 0143 

118 

0.9803 

218 

0 9466 

318 

0.9136 

418 

0.8811 

20 

1.0137 

120 

0 9796 

220 

0 9460 

320 

0 9129 

420 

0 8805 

22 

1 0130 

122 

0 9789 

222 

0 9453 

322 

0.9122 

422 

0.8799 

24 

1 0123 

124 

0 9783 

224 

0 9446 

324 

0 9116 

424 

0 8792 

26 

1 0116 

126 

0.9776 

226 

0 9440 

326 

0 9109 

426 

0.8786 

28 

1 0109 

128 

0 9769 

228 

0 9433 

328 

0 9103 

428 

0.8779 

80 

1 0102 

130 

0.9762 

230 

0 9426 

330 

0 9096 

430 

0 8773 

32 

1 0095 

132 

0 9755 

232 

0.9420 

332 

0.9090 

432 

0.8767 

34 

1 0089 

134 

0.9749 

234 

0.9413 

334 

0 9083 

434 

0 8760 

36 

1 0082 

136 

0 9742 

236 

0.9406 

336 

0 9077 

436 

0:8754 

38 

1 0075 

138 

0.9735 

238 

0 9400 

338 

0.9070 

438 

0.8747 

40 

1 0068 

140 

0 9728 

240 

0.9393 

340 

0.9064 

440 

0.8741 

42 

1 0061 

142 

0 9722 

242 

0 9386 

342 

0.9057 

442 

0.8735 

44 

1 0054 

144 

0 9715 

244 

0 9380 

344 

0 9051 

444 

0 8728 

46 

1 0048 

146 

0.9708 

246 

0 9373 

346 

0.9044 

446 

0.8722 

48 

1 0041 

148 

0 9701 

248 

0 9367 

348 

0.9038 

448 

0 8716 

60 

1 0034 

150 

0 9695 

250 

0 9360 

350 

0.9031 

450 

0 8709 

52 

1 0027 

152 

0.9688 

252 

0 9353 

352 

0.9025 

452 

0 8703 

54 

1 0020 

154 

0 9681 

254 

0 9347 

354 

0 9018 

454 

0.8697 

56 

1 0014 

156 

0.9674 

256 

0.9340 

356 

0.9012 

456 

0 8690 

58 

1 0007 

158 

0 9668 

258 

0 9333 

358 

0.9005 

458 

0 8648 

60 

1 0000 

160 

0 9661 

260 

0 9327 

360 

0.8999 

460 

0 8678 

62 

0 9993 

162 

0 9654 

262 

0 9320 

362 

0.8992 

462 

0 8671 

64 

0 9986 

164 

0 9647 

264 

0 9313 

364 

0 8986 

464 

0.8665 

66 

0 9980 

166 

0 9641 

266 

0 9307 

366 

0 8979 

466 

0 8659 

68 

0 9973 

168 

0 9634 

268 

0 9300 

368 

0 8973 

468 

0 8652 

70 

0 9966 

170 

0 9627 

270 

0 9294 

370 

0 8966 

470 

0 8646 

72 

0 9959 

172 

0 9620 

272 

0 9287 

372 

0 8960 

472 

0 8640 

74 

0 9952 

174 

0 9614 

274 

0 9280 

374 

0 8953 

474 

0 8633 

76 

0 9945 

176 

0 9607 

276 

0 9274 

376 

0 8947 

476 

0.8627 

78 

0 9939 

178 

0.9600 

278 

0 9267 

378 

0 8940 

478 

0 8621 

80 

0 9932 

180 

0 9594 

280 

0 9260 

380 

0 8934 

480 

0 8614 

82 

0 9925 

182 

0.9587 

282 

0 9254 

382 

0 8927 

482 

0.8608 

84 

0 9918 

184 

0 9580 

284 

0 9247 

384 

0 8921 

484 

0.8602 

86 

0 9912 

186 

0.9573 

286 

0 9241 

386 

0 8914 

486 

0.8595 

88 

0 9905 

188 

0 9567 

288 

0.9234 

388 

0.8908 

488 

0 8589 

90 

0 8998 

190 

0 9560 

290 

0 9228 

390 

0.8901 

490 

0 8583 

92 

0 9891 

192 

0 9553 

292 

0 9221 

392 

0 8895 

492 

0.8577 

94 

0 9884 

194 

0 9547 

294 

0 9214 

394 

0 8888 

494 

0 8570 

96 

0 9878 

196 

0 9540 

296 

0 9208 

396 

0.8882 

496 

0.8564 

98 

0 9871 

198 

0 9533 

298 

0 9201 

398 

0.8876 

498 

0.8558 

100 

0 9864 

200 

0 9527 

300 

0 9195 

400 

0.8869 

500 

0.8552 


1 Thermal Properties of Petroleum Products, NBS (l/.S.) Miac, Pub. 97, 1933 
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PETROLBUM AND PETROLEUM DERIVATIVES 


Thermal Expansion of Petroleum Products. The thermal expansion of a particu¬ 
lar product, e.g., liquefied petroleum gas, may be estimated from Table 7-27 if any 
one of the following characteristics is known: normal bubble point,^ vapor pressure,^ 
or density. 

The expansion coefficients A and B given in Table 7-27 are defined by the equation 
Vt = Feo [1 + A(t - 60) -h Bit - 60)*] 

The values given in the last two columns of Table 7-27 represent the maximum 
charge for each 1 lb water capacity of container at 60°F, which will not completely 
fill the container with liquid at 100 or 130°F. The estimated accuracy is 5 per cent. 

The data were compiled from experimental work on propane, n-butane, isobutane, 
n-pentane, and isopentane, using mixture rules. Expansion data given in ^^Inter¬ 
national Critical Tables,” Vol. Ill, indicate that these hydrocarbons of the paraffin 
series expand less rapidly than hydrocarbons of other series with corresponding 
densities and, conversely, that these paraffin series hydrocarbons expand more 
rapidly than those of other series with corresponding vapor pressures at a given tem¬ 
perature. Therefore, in cases involving safety, it is desirable that values in the last 
two columns be chosen from a determination of vapor pressure rather than density, 
since some commercial products are knowu to contain variable amounts of hydro¬ 
carbons other than the paraffin series. 

Example 1: What is the maximum weight of material having a vapor pressure of 100 
psig at 70°F, which can be charged into a cylinder of 90 lb water capacity at 60°F which 
will not completely fill the cylinder with liquid at 130®F? 

Answer: 0.454 X 90 — 40.86 lb. 

Example 2: What is the maximum weight of material having a normal bubble point of 
20®F, which can be charged into an insulated tank car of 8,000 lb water capacity at 60®F 
in order to be free from hydrostatic pressure at 100°F? 

Answer: 0.547 X 8,000 * 4,376 lb. 

Although it is generally believed that California oils have a considerably higher 
rate of expansion than do oils from the Central and Eastern states, the Bureau of 
Standards notes that this has not been found to be the case and that the slightly 

higher rate is not sufficient to cause an appreciable 
error in the results given in Tables 7-27 and 7-28. 

Thermal Expansion of Petroleum Asphalts and 
Fluxes. Values of V&o/Vt given in Table 7-28 repre¬ 
sent volumes at 60°F occupied by a unit volume at 
indicated temperatures, ^°F. For example, 1 gal of 
petroleum asphalt measured at 350°F will have a 
volume of 0.9031 gal at 60°F. This table is similar 
to Table 7-14 and, in fact, may be considered as a 
supplementary correction table for the gravity range 0 to 15°F. 

Corresponding calculated coefficients of expansion are as shown in Table 7-29. 
Products containing wax, gas bubbles, or nonbituminous materials have expansions 
which differ from those of the table in proportion to the amount present. 

Example : If the volume of a given quantity of petroleum asphalt is 10,000 gal at 350°F, 
what is its volume at 60®F? 

Answer: Feo « 10,000 X 0.9031 = 9,031 gal. 

Specific Volume of Petroleum Vapor. The data given in Table 7-30 on specific 
volume V were calculated by means of the equation pVM ^ RT using p = 1 standard 

1 The vapor pressure of a many-component liquid, as used here, is defined as the equilibrium pressure 
on a two-phase system composed of a relatively large amount of liquid and such a small volume of 
vapor that any decrease in the vapor volume would not alter the pressure appreciably. The tempera¬ 
ture at which the vapor pressure, as defined above, is equal to one standard atmosphere is designated 
the normal bubble point. 


Table 7-29. Coefficients of 
Expansion, Petroleum 
Asphalt 

Mean Coefficient 


Temp Range^ 
Deg F 
60-150 
60-250 
60-350 
60-450 


of Expansion 
0 00035 
0 00036 
0.00037 
0.00038 
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atmosphere, B *= 0.7303, T *= deg F + 460, and values of molecular weight M 
obtained from the equation 

= 0.0001644 (deg API) - 0.cb0972 > 

M = 1.03(«-43)=j^^ 

where v = molecular volume of liquid at 60°F 
d = specific gravity of liquid at 60®/60°F 

The above relations between molecular weight and liquid density are fair approxi- 
tions for the lighter hydrocarbons, propane, butane, and pentane, and represent an 
average of the experimental results on petroleum distillates (20 to 80° API). 

The data given in Table 7-30 apply to petroleum distillates in general, with the 
following estimated accuracies for various ranges of liquid gravity: 20 to 35° API, 
50 per cent; 35 to 50° API, 25 per cent; 50 to 100° API, 10 per cent; and 100 to 150° 
API, 5 per cent. The tabulated values are probably too high for paraffin-base 
distillates and too low for naphthene-base distillates and those rich in aromatics. 

Saturation temperatures frequently differ considerably for different petroleum 
products of the same gravity. Saturation temperatures or normal dew points are 
indicated roughly in Table 7-30 by means of the staggered lines. Many of the values 
above the staggered lines are hypothetical values which are useful for rapid estimations 
of specific volumes at reduced pressures. 

The specific volume V at any desired temperature and pressure may be obtained 
conveniently from 

y ^^ 760Fi ^ U.7Fi ^ 30Fi 

p (atm) p (mm Hg) p (psia) p (in. Hg) 

selecting Vi from Table 7-30 corresponding to the desired temperature and liquid 
gravity. 

Example: Crude oil having the following fractional distillation characteristics: 6 per 
cent over at 179°F, gravity 75.0° API; 10 per cent, 229®F, 68.9° API; 15 per cent, 270°F, 
63.1° API; 20 per cent, 297°F, 58.4° API; 25 per cent, 327°F, 55.4° API; 30 per cent. 
352°F, 52.7° API; 35 per cent, 394°F, 49.9° API, is heated in a fire still at such a rate as to 
yield 500 gal of distillate per hr. If the vapor outlet from the still is 12 in. in diameter, 
what is the velocity of the vapors? Table 7-30 indicates that the specific volume of the 
vapors of each fraction is approximately 30 cu ft per gal of distillate. Thus, 

500 X 30 = 15,000 cu ft per hr 
flow through an area of ir/4 = 0.785 sq ft at a velocity of 

15,000 ^ . 15,000 

0.786 X 3,600 ’ 0.785 X 5.280 ” ' 

DIESEL FUELS 

Sources of Diesel Fuels. There are at present and in the immediate future two 
main sources from which diesel fuels may be obtained, viz.j the virgin stocks in crude 
oils and the cycle stocks from catalytic cracking operations. The use of virgin stocks 
from crude has the advantage of higher cetane numbers but the disadvantage of being 
in competition with domestic heating-oil burners and with cracking units for produc¬ 
tion of high-quality motor gasolines. The use of cycle stocks suitably prepared for 
diesel fuel has the advantage of economic supply together with minimum fuel con¬ 
sumption in gallons per brake-horsepower-hour. On this basis, it is desirable to 


M 


which is equivalent to 
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Table 7-80. Specific Volume of Petroleum Products, Completely Vaporized at 1 

Atm Pressure 1 


Gravity 

Temp, deg F 


Deg API 
at 60°F 

Sp OT at 
60°/60°F 


$0 

1 100 

1 200 

1 200 

^ 400 

1 500 

1 600 

1 800 

1 1000 















Volume of vapor, cu ft/lb 




20 

0 9340 







1 8 

2 1 

2 5 

25 

O 9042 






2.2 

2 4 

2 9 

3 4 

30 

0,8762 





2 5 

2 8 

3 1 

3 6 

4.2 

35 

0.8498 




2 7 

3 0 

3.4 

3 7 

4.4 

5.1 

40 

0 8251 



2 7 

3 1 

3 5 

3 9 

4.3 

5 2 

6.0 

45 

0 8017 


2 6 

3.1 

3.6 

4 0 

4.5 

5 0 

5 9 

6 9 

60 

0 7796 

2 8 

3 0 

3 5 

4 0 

4 6 

5 1 

5 6 

6 7 

7 7 

66 

0.7587 

3 1 

3 3 

3.9 

4 5 

5 1 

6 7 

6.3 

7 4 

8 6 

60 

0 7389 

3 4 

3 6 

4 3 

4.9 

5 6 

6 2 

6 9 

8 2 

9 5 

65 

0 7201 

3 7 

4 0 

4 7 

5 4 

6 1 

6.8 

7 5 

8 9 

10.4 

70 

0 7022 

4 0 

4 3 

5 1 

6 9 

6 6 

7 4 

8 2 

9 7 

11 2 

75 

0 6852 

4.3 

4 6 

5 5 

6 3 

7.1 

8 0 

8.8 

10 5 

12 1 

80 

0 6690 

4 6 

5 0 

5 9 

6 8 

7 6 

8 5 

9 4 

11 2 

13 0 

85 

0 6536 

4 9 

5 3 

6 3 

7 2 

8.2 

9 1 

10.1 

12 0 

13 8 

90 

0 6388 

5 3 

5 7 

6.7 

7 7 

8 7 

9 7 

10 7 

12 7 

14 7 

96 

0 6247 

5 6 

6.0 

7.1 

8.1 

9 2 

10 3 

11 3 

13 5 

15 6 

100 

0.6112 

5 9 

6 3 

7.5 

8 6 

9 7 

10 8 

12 0 

14 2 

16 5 

110 

0 5859 

6 5 

7.0 

8.2 

9 5 

10 8 

12 0 

13 2 

15 7 

18 2 

180 

0 5626 

7 1 

7 7 

9.0 

10 4 

11 8 

13 1 

14 5 

17 3 

20 0 

130 

0 5411 

7 7 

8.3 

9.8 

11 3 

12 8 

14 3 

15.8 

18 8 

21 8 

140 

0 5212 

8 4 

9 0 

10 6 

12 2 

13 8 

15 4 

17 1 

20 3 

23 5 

150 

0.5027 

9.0 

9.7 

11 4 

, 13.1 

14 9 

16.6 

18 3 

21 8 

25 2 


Volume of vapor, cu ft/gal 


20 

0 9340 







14 

17 

19 

25 

0.9042 






17 

18 

22 

25 

30 

0 8762 





18 

20 

22 

27 

31 

35 

0 8498 




19 

21 

24 

26 1 

31 

36 

40 

0 8251 



19 

21 

24 

27 

30 

36 

41 

45 

0 8017 


18 

21 

24 

27 

30 

33 

40 

46 

50 

0 7796 

18 

19 

23 

26 

30 

1 33 

36 

43 

50 

55 

0 7587 

19 

21 

25 

28 

32 

1 36 

39 

47 

54 

60 

0 7389 

21 

22 

26 

30 

34 

38 

42 

50 

58 

65 

0 7201 

22 

24 

28 

32 

37 

41 

45 

54 

62 

70 

0 7022 

23 

25 

30 

34 

39 

43 

48 

57 

66 

75 

0 6852 

25 

27 

31 

36 

41 

46 

50 

60 

69 

80 

0 6690 

26 

28 

33 

38 

43 

48 

53 

63 

72 

85 

0 6536 

27 

29 

34 

39 

44 

50 

55 

65 

75 

90 

0 6388 

28 

30 

36 

41 

46 

52 

57 

68 

78 

95 

0 6247 

29 

31 

37 

42 

48 

53 

59 

70 

81 

100 

0 6112 

30 

32 

38 

44 

50 

55 

61 

72 

84 

no 

0 5859 

32 

34 

40 

46 

53 

58 

65 

77 

89 

180 

0 5626 

33 

36 

42 

49 

55 

61 

68 

81 

94 

130 

0 5411 

35 

38 

44 

51 

58 

64 

71 

85 

98 

140 

0 5212 

36 

39 

46 

53 

60 

67 

74 

88 

102 

150 

0 5027 

38 

41 

48 

55 

62 

70 

77 

91 

106 


1 Thermal Properties of Petroleum Products, NBS (U.S.) Miac. Pub. 97, 1933. 
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Table 7-81* Specifications for Diesel Fuel Oils 


Teat 

ASTM 

metboda 

1-D 

Grad< 

1 3-D 

3 of dies 

4-D 

lel fuel 

5-D 

6-D 

U.S. Navy 
specifica¬ 
tion 7-Q~2c 

Limit 

Flash point (deg F), min. 

D39-36 

115“ 

150“ 

150“ 

150“ 

150“ 

150 

Water and sediment (max per cent by 








volume). 

D96-35 

0.05 

0 1 

0 6 

1 0 

2.0 

0.05 

Viscosity, seconds Saybolt Universal at 








100°F; 








Min. 

D88-36 

35 

35 




35 

Max . 

D88-36 

50 

70 

250 



45 

Saybolt Furol at 122°F, max. 

D88-36 




100 

300 


Carbon residue (per cent by weight). 








max. 

D189-36 

0 2 

0 5 

3 0 

6 0 


0 2 

Ash (per cent by weight), max . .. 


0 02 

0 02 

0 04 

0 08 


0 01» 

Pour point (deg F), max**. 

D97-34 

1 5o 

1 5® 

2 0" 

2 0- 


1.0 

Alkali and min acid. 

D188-27T 

None 

None 

None 

None 



Ignition quality 








Cetane No., delay method, min. 


45 

35 

30 



/ 

Diesel index No., min. 


45 

30 

20 



45 

Viscosity-gravity No., max 


0 86 

0 89 

0 91 




Boiling-point-gravity No., max. 


188 

195 

200 




Corrosion at 212°F copper strip . . 

0 






Negative 

90 per cent distillation temp (deg F), max 

D86-35 






675 


« Minimum flash point, as stated or as required by local fire regulations, Fire Underwriters, or state 
laws. 

Lower pour points may be specified whenever required by local temperature conditions to facilitate 
storage and use, although it may be necessary to waive minimum viscosity specified for oils 1-D and 
3-D if pour point should be less than 10° F. 

e Sulphur content, so far as known, does not affect combustion characteristics. The limits suggested 
are for engines in intermittent service. 

The values are equivalent within limits of error of the test methods used. As the correlations 
between indexes and between any index and engine operation are not completely established as yet, 
these values should be used in an approximate way only. 

• Federal specifications VV-L-791a, Method 542.1. 

/ Although specifications include diesel index number, the right is reserved to require a minimum 
cetane number of 45 if the oil fails to exhibit satisfactory ignition quality in use. 

0 Federal specifications VV-L-791a, Method 530.31. 


divorce ignition quality from the inherent properties of the diesel fuel.^ To this end, 
current research is being directed toward the development of additives which, after 
the fashion of the lead compounds in motor gasoline, will improve ignition without 
impairing other burning characteristics. Such a development would have a further 
very important advantage of lightening the weight of diesels as a secondary result 
of the lower compression requirements for operation from cold starts. 

Diesel fuel varies widely in its characteristics, ranging from light distillates, which 
are practically heavy kerosenes, to residual fuels or crude oils, which are used in a 
few instances. The API gravity ranges from (approximately) 40 to 17.5° at 60°F. 
This wide range of fuel results from the numerous designs of engines, not all of which 
can use any fuel having characteristics within these limits.® 

The following classification by ASTM* suggests fuels that are suitable for different 
classes of engines: 

1 Pinkerton, R. D., Diesel Fuel Oils,” p. 45, ASME, 1948. 

> Marks, Lionbi. S., “Mechanical Engineers' Handbook,” 4th ed., p. 812, McQraw-Hill Book 
Company, Inc., New York, 1941. 

* Committee Reports, Proc. ASTM, vol. 38, Part I, pp. 398-399, 1938. 











224 


PETROLEUM AND PETROLEUM DERIVATIVES 


Grade 1-D is suggested for mechanical (solid) injection engines of the high-speed 
type, in general, for engine speeds over 1,000 rpm. 

Grade 3-D is suggested for mechanical (solid) injection engines of the medium- 
speed type, in general, for engines with speeds from 360 to 1,000 rpm. 

Grade 4-D is suggested for air-injection engines, both two- and four-stroke-cycle 
types, with speeds not over 400 rpm. It can be used for mechanical (solid) injection 
engines of large bore (over 16 in.) and speed under 240 rpm. 

Grade 5-D is suggested for air-injection engines with speeds under 240 rpm. 

Grade 6-D is not regularly used as a diesel fuel and is not recommended unless 
approved by the engine manufacturer. 

The U.S. Navy specifications 7-0-2c (Aug. 1, 1936) given in Table 7-31 illustrate 
the requirements of a high-grade fuel that will give reliable performance in almost 
any engine. 


Table 7-82. Gasoline Specifications 

(ASTM D439-37T) 


Test 

ASTM 

method 

Type A 

Typo B 

Type C 

Distillation temp, max deg F: 

10 per cent evaporated . 

D86-35 

W-140, F- 

149, S-158 

167 

50 per cent evaporated. 


284 

257 

284 

90 per cent evaporated. 


392 

356 

392 

Residue, max per cent. 


2 

2 

2 

Vapor pressure max psi at 100°F. 

D323-37T 

W-13.5, F-11 5, S-9.5 

Octane No., min. 

D357-37T 

67 or 75® 

67 or 75® 

45® 

Corrosion . 

D130-30 

Passes 

Passes 

Passes 

Gum, max, ing/100 ml. 

D381-36 

7^ 

7h 

76 

Sulphur . 

D90-34T 





W, F, S, = seasonal variations, approximately winter, fall, and summer. Temperature and vapor 
pressure specified depends upon atmospheric temperature expected. 

'* Octane number to be agreed upon between purchaser and seller. As of 1938: 

75 octane number is minimum for premium-priced gasolines 
67 octane number is minimum for regular-priced gasolines 
45 octane number is minimum for third grade gasolines 

Gum requirements apply to base stock if gasoline contains added nonvolatile material. 

0 Technical data not adequate for general specifications. Government specifications for gasoline, 
VV-G-lOla, and motor fuel, VV-M-571a, both require 0.10 per cent sulphur. 












CHAPTER 8 


LIQUID FUELS OTHER THAN THOSE DERIVED 
DIRECTLY FROM CRUDE PETROLEUM 


Coal>in-oil Fuels (Colloidal). 226 

Advantages and disadvantages of coal-in-oil fuel. General characteristics of coal-in- 
oil fuels. Selection of fuels for admixing. Mixing and storing coal-in-oil fuels. 
Additional factors of stability in suspension. Practical operation in boilers. Eco¬ 
nomics of coal-in-oil fuel. 

Petroleum Products from Shale. 234 

Synthetic Motor Fuels. 236 

Synthetic motor fuels from gases. Ethyl alcohol as a motor fuel. Methanol (wood 
alcohol). Foreign use of gasoline-alcohol blends. Hydrogenation and gas synthesis 
of solid fuels. Processes for making motor fuels from hydrogenation and synthesis 
of solid fuels. Low-temperature carbonization. Lurgi pressure gasihcation. 
Winkler process. Thyssen-Galocsy process. Parry process. Underground gasi¬ 
fication. Characteristics of coal for synthesis fuels. Cost of synthetic gasoline. 

Miscellaneous Liquid Fuels. 245 

Alcohol from wood and farm products. Utilization of farm wastes. Waste sul¬ 
phite liquors from paper-pulp mills. Sulphite-liquor alcohol m Sweden. Light oils 
from by-product coke ovens. Coal tars. Pitch. Electrolytic pitch. Summer 
oil. 


225 









COAL-IN-OIL FtJELSi 

(Commonly Known as Colloidal Fuels) 

Coal-in-oil fuels, commonly known as colloidal fuels,” are usually a mixture of 
up to about 43 weight per cent of finely ground coal suspended in fuel oil. 

The impetus to research on coal-in-oil fuels originated within the coal industry in 
an effort to find additional outlets for hard-to-move fine sizes and low-quality coals; 
more recently, oil interests have become interested because of the potentiality of 
“stretching” short supplies of certain grades of fuel oil through admixture with coal. 

Although admixtures of coal and oil are commonly called “colloidal fuels,” the 
particles are much larger than true colloidal material, and it would thus appear that 
they are only in a state of minute suspension even though, under certain conditions, 
finely divided coal may assume the colloidal state as suspended in oil. 

While the change from one state of suspension to another is continuous and there¬ 
fore not sharply defined, Zsigmondy, as reported in Perry^s “Chemical Engineers' 
Handbook,” classifies solutions of solid particles as follows: 

Suspensions. Particles coarser than 0.1 micron in mean diameter. 

Colloidal Solutions. Particles under 0.1 micron and over 0.001 micron in mean diameter. 

True Solutions. Particles under 0.001 micron in mean diameter. 

As the particle size corresponding to 200 Tyler mesh is 74 microns and that corre¬ 
sponding to 325 Tyler mesh 44 microns, it is obvious that coal could not be ground 
sufficiently fine for true colloidal solutions. It is thus in a state of fine suspension in 
coal-in-oil fuels. 


Table 8-1. Tyler Screen Scale as Related to Particle Size® 


Meshes per in , 

10 

20 

35 

48 

65 

100 

150 

200 

325 

Micron scale 

1,650 

830 

420 

300 

220 

150 

110 

74 

44 


« See Chap. 14 for full table. 


Field experience with coal-in-oil fuels is principally limited to research and test 
data as, even in such few cases of sustained use as are known, published records are 
meager. 

Examples of full-scale and experimental use include the Standard Oil Company's 
disposal of a large amount of high-ash anthracite by mixing with oil (at Brooklyn); 
transatlantic tests of presumably low-grade bituminous coal admixed with oil on the 
steamships Scythia and Berengaria of the Cunard Ijine; full-scale commercial and 
industrial boiler tests by the U.S. Bureau of Mines and the Atlantic Refining Co. at 
Philadelphia; studies of the Submarine Defense Association under the chairmanship 
of Linden W. Bates, including tests of Pocahontas bituminous coal and Texas oil on 
the yacht Gem in Long Island Sound; extensive mixing tests of the Koppers Co.; and 
comprehensive experiments of Kansas State College at Manhattan, Kans., in coopera¬ 
tion with the Pittsburgh and Midway Coal Mining Co. 

Advantages and Disadvantages of Coal-in-oil Fuel 

While leading investigators disagree to some extent as to the potential advantages 
and disadvantages of coal-in-oil fuels, the items most frequently cited include 

* General references: (1) Jonnard, Aimibon, Colloidal Fuel Development for Industrial Use, Bvll. 
48, Kansas State College, Manhattan, Kans., January, 1946., (2) Babklsy, Hbbbberqer, and Bur¬ 
dick, “Laboratory and Field Tests on Coal in Oil Fuels,” Pittsburgh meeting. Fuels Division ASME, 
and Coal Division AIME, October, 1943. (3) Schboeder, W. C., Uses of Mixtures of Oil and 

Coal in Boiler Furnaces, Mech. Eng., vol. 64, No. 11, pp. 793-798, November, 1942. 
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Advantages as Compared with Oil 

1. They may be cheaper than oil in many localities. 

2. Their widespread use would assist in the conservation of petroleum resources, 
and in direct proportion to the percentage of coal used. 

3. They are heavier than oil and therefore permit fires to be extinguished more 
easily with ordinary fire-fighting equipment. 

4. Their heating value on a volume basis is higher than that of either coal or oil alone. 

Advantages as Compared with Coal 

1. They may be handled like oil in pipes and pumps (with allowance for increased 
power and sedimentation). 

2. They enable better use of storage space than does coal. 

3. Their use would eliminate the danger of spontaneous combustion. 

4. They have lower ash and moisture contents than coal. 

5. Their use would permit more ready disposal of such fuels as low-rank coals, 
lignite, and fine sizes. 

6. They can be burned automatically in simple oil-burning equipment. 

Additional Advantages for Marine Use 

7. Coal is more universally distributed, and shipping difficulties, for at least that 
part of the fuel, might be decreased. 

8. The additional heat content on a volume basis of some 1 to 4 per cent over oil 
alone allows a proportionate saving in bunker space. 

9. Coal-in-oil fuel, being heavier than water, would not float on the surface to 
endanger survivors in disasters. 

Pulverized coal has some of these advantages, but coal-in-oil fuels would probably 
be more adaptable to small plants and in cases where it is necessary to store or trans¬ 
port the prepared fuel. 

Although, as for conventional fuel use in multiboiler plants, it might sometimes be 
difficult to justify admixing coal and oil as compared with the more simple expedient 
of burning coal in some boilers and oil in the others, this would not necessarily apply 
in many applications where a liquid fuel has distinct advantages. Outstanding 
examples are railroad and marine use, cracking coils and pipe-still furnaces of oil 
refineries, metallurgical furnaces, open-hearth furnaces of the steel industry, and 
reverberatory furnaces in copper melting. 

Coal-in-oil fuels may also have commercial potentialities other than as fuels such 
as for chemical raw materials. There is an increasing use of coal as a raw chemical, 
and it can be handled most efficiently by suspending it in a liquid such as oil. 

Disadvantages of Coal-in-oil Fuels 

1. (In marine use) Tank connections are arranged for a lighter-than-water fuel. 
Substitution of heavier-than-water colloidal fuel might necessitate extensive changes 
of such pipes as the drains, cleanouts, etc. 

2. (In marine use) During a war any increase in ash content of a fuel is undesirable 
since it leaves a trail or slick on the surface of the water The higher the ash content 
the longer it is visible, and the more easily it may be followed by enemy vessels. 

3. According to John Van Brunt (Combustion Engineering (^o.), the use of coal- 
in-oil fuel may result in greatly increased deterioration of refractory-lined furnaces. 
Thus the use of waterwalls, etc., may be necessary. 

4. The increased ash content as compared with oil will be a disadvantage in any case 
and may be the deciding factor in some nonboiler uses. 

General Characteristics of Coal-in-oil Fuels 

The characteristics of coal-in-oil admixtures are apparently quite different from 
those of oil alone. Mixtures containing 40 per cent coal will be as much as 10 per 
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cent heavier in weight per unit of volume; they will be four to eight times as viscous, 
depending on temperature; they are more abrasive; and any settling out of the coal 
may result in pastelike accumulations. Flash and fire temperatures remain virtually 
the same as with oil and imchanged with different mixtures. 

Sele&on of Fuels for Admixing 

According to Barkley, Hersberger, and Burdick, the criteria from a standpoint 
of stability and handling of a satisfactory coal-in-oil fuel are (1) high degree of 
stability at normal temperature, (2) sufficient temperature at elevated temperatures 
to permit handling in conventional oil-burning equipment, and (3) reasonable vis¬ 
cosity, the results of this work point toward a 40 weight per cent of --230-mesh bitu¬ 
minous coal dispersed in No. 6 fuel oil. For practical purposes, the coal specification 
sizing should be set at 98 to 99 per cent passing a 230-mesh screen, and the limiting oil 
properties at 12 to 14.8° API gravity at 60°F and 55 to 70 Furol viscosity at 122°F.” 

Anthracite fines or culm offer an economic source of solid fuel. On the other hand, 
anthracite has several characteristics that make it less desirable than bituminous coal. 
It is high in ash, difficult to grind, and slow to ignite. Stabilization of an anthracite- 
oil mixture may be more difficult than an oil-bituminous mixture, because the bitu¬ 
minous coal contains organic matter which tends to dissolve or be wet by the oil or 
stabilizing agent, while anthracite is relatively pure carbon. 

Percentage of Coal in Mixture. Coal-in-oil mixtures develop greater stabilization 
with greater solids content. With 200- to 230-mesh 
material, no useful or dependable stability is obtained 
below about 33 volume per cent of coal, while worth¬ 
while rigidity or stability starts at about 40 weight per 
cent concentration. 

On the other hand, viscosity increases with increases 
in the percentage of coal in suspension. Beyond about 
43 weight per cent of coal, this increase is so rapid as to 
affect pumping seriously. 

Therefore, for practical purposes, the weight per¬ 
centage of coal in a coal-in-oil admixture lies between 
33 and 43 per cent, with most current experimentation 
indicating a preference for the latter figure. 

Pulverization of the Solid Fuel. I'ine grinding of 
the solid fuel simplifies the problem of stabilization but 
tends to increase the viscosity of the mixture to compli¬ 
cate the pumping problem. 

As has been shown, Barkley et al. consider 98 to 99 per cent 230 mesh to be an 
optimum bituminous-coal size. Jonnard gives 200 mesh as the “required size'' for 
the coal component of coal-in-oil fuels. Unless additives to increase the fluidity are 
used, there is a rapid rise in viscosity between the coal sizes of 200/230 and 230/325 
mesh (U.S. Standard screen). In all past work this has proved to be the limiting 
factor because of increased power for pumping and similar handling. However, 
proponents of finer grinding are engaged in research to develop the advantages of 
much finer mesh coal. It is possible that this will be accomplished through the use of 
additives or wetting agents to increase the fluidity of the mixtures. 

Figure 8-1 combines the stability-sizing curve and the viscosity-sizing curve of 
Barkley, Hersberger, and Burdick to show this opposing relationship. It is seen that, 
as the size of the coal particles decreases, stability increases; as the size decreases, 
viscosity increases. Thus, as the particles become larger, stabilizers become more 
necessary and/or the material must be used more quickly after it is mixed. As the 


Table 8-2. Changes in 
Viscosity of Coal-in-oil 
Mixtures at 170°F^ 


Coal, ' 
per cent 

Oil, 

per cent 

Viscosity, 

seconds® 

0 

100 

81 

10 

90 

92 

20 

80 

112 

30 

70 

160 

40 

60 

260 

60 

60 

1,600 


1 BtrrcHER, Alfred, Gulf Oil 
Corp., Pittsburgh, Mech, Eng,, 
April, 1943, p. 279. 

® Saybolt Furol. 
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particles become smaller, pumping facilities must either be expanded or additives 
used to increase the fluidity of the admixture. 

Local choice must be made between the use of stabilizers, immediate use ^fter 
mixing, mechanical stirring in storage, and continuous circulation, or additives to 
increase fluidity. 


Tyler screen scale 


325 230 200 150 



i> 

t: 


Fig. 8-1. Opposing effect of particle size on viscosity and stability of suspension. 


In preparing the fine coal, the effect of the maximum-sized coal on the stability of 
suspension is important. The presence of even small quantities of oversized particles 
has been found to increase the stability of suspension materially. 


Mixing and Storing Coal-in-oil Fuels 

Mixing equipment used successfully by Jonnard consisted of an open tank equipped 
with a high-speed agitator propeller. 

He reports that the formation of a vortex on the surface of the liquid, into which 
the coal could be poured while mixing, was absolutely necessary. When the coal was 
fed too fast or accumulated on the oil surface for any other reason, agglomerates were 
formed which were not readily dispersed by further mixing. He located the agitator 
near the surface of the oil in order to create this vortex. 

At 1.7 cents per kwhr, Jonnard calculates the cost of power for mixing to be less 
than 1 cent per ton of finished fuel. 

Barkley, Hersberger, and Burdick fed coal from a continuously filled funnel into 
the suction line of the circulating pump. The coal, as controlled by a hand valve, was 
allowed to flow slowly into the stream of oil on its way to the pump. The coal was 
fed at a rate of about 1,500 lb per hr until the required amount had been placed 
in the 5,000 to 7,000 gal of oil, after which circulation at a rate of about 9,000 gph was 
continued for about 12 hr before the mixed fuel was considered ready for use. 

Coal-in-oil mixtures should be kept in motion. Storage tanks should be designed, 
baffled, or equipped with agitators so that no lodgment of the coal dust can take 
place in corners or dead spots. The admixture should be continuously circulated in 
the piping system, using long-radius bends for turns. 

Mixing tanks are usually equipped with steam coils to maintain proper tempera¬ 
tures during mixing and operation. Oil temperatures during mixing usually range 
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from 75 to 130^F. Jonnard reports that, whereas fuel oil alone was best handled 
between 200 and 230®F, the optimum temperature for handling coal-in-oil fuel was 
180®F. As this is higher than some temperatures cited, it should be noted that over¬ 
heating sometimes tends to cause some clogging in the burners and promotes an 
accumulation of ^^paste in the lines, tanks, etc. 

Additional Factors of Stability in Suspension 

While actual conditions for settling in suspension are complex, the following general 
rules have been noted: 

1. If the coal is ground and mixed in the plant in which it is to be burned, the 
storage time can be held to a minimum, and stability will not be a problem. 

2. Stability may be somewhat disregarded by equipping storage tanks with circu¬ 
lating pumps or, in the case of smaller tanks, by periodic stirring. Such methods 
require considerable power, but it is often possible to use the same motors for both 
agitation and transportation by pumping. 

3. Certain coal-in-oil mixtures produce fuels which remain stable for months 
without any additional treatment. The settling tendency is directly proportionate 
to (a) the size of the coal particles, (6) the difference in the densities of the oil and coal, 
and (c) the temperature of the fuel. The settling tendency is inversely proportionate 
to (d) the viscosity of the oil, and (e) the concentration of the coal. Other factors, 
such as the presence of electrical charges on the solid particles, may also have an 
important effect. 

4. The effect of the physical properties of the coal and oil on the stability of suspen¬ 
sion is important. The use of an oil with high specific gravity increases stability, the 
best oils in this respect being cracked fuel oils. The use of oils of high viscosity also 
increases stability, but there is an upper limit beyond which pumping costs become 
prohibitive, especially since the addition of coal may be expected to increase the 
viscosity further. Coal-in-oil fuels made with No. 6 fuel oil can be handled in ordi¬ 
nary oil-handling equipment; more viscous oils would probably require changes such 
as increasing the temperature of the fuel or the diameter of the pipes. 

Stabilizers, or ^^Fixateures,” for Increasing Stability 

5. The use of stabilizers to improve suspension has received a considerable amount 
of attention. The general conclusion is that practically all the many methods and 
substances proposed are unsatisfactory. Some simply fail to stabilize; others require 
extensive and expensive amounts of agents; others require extremely fine grinding at 
considerable added expense; and still others form a gel which is difficult to pump and 
tends to clog. 

As a result, it is a consensus that, with careful attention to a selection of fuels, 
pulverization, mixing, and storage, stabilizers can and should be avoided in most 
cases. 

Jonnard, having tested 148 stabilizing agents, concluded that spent alkylation acid^ 
was the only one with commercial possibilities. 

Jonnard notes that the spent acid is more effective if the oils have been contacted 
previously with solid sodium hydroxide pellets. 

With light oils, such as gas oil, spent acid is ineffective, probably because of insolu¬ 
bility, No. 5 oil being the lightest with which it was effective. The only agents which 
Jonnard found effective with light oils formed gels, were difficult to pump, and required 
large expensive quantities. He further notes that in heavy oils no stabilizers were 
needed. 

The most fluid oil in which spent acid was effective had a viscosity of 186 seconds 

^ A spent acid catalyst waste product of the petroleum industry resulting from the chemical reaction 
of butane and isobutylene during the preparation of isooctane for aviation gasoline. 
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Saybolt Furol at 122®F but has a gravity of 11.4 API. The addition of as little as 
0.1 to 0.2 per cent of spent acid increased viscosity considerably but amounts smaller 
than 0.1 per cent were not effective. Industrially, it would probably be necessary 
to add the acid to the oil in a fine spray because of its low solubility and its tieing 
heavier than the oil. 

Barkley, Hersberger, and Burdick reported that ‘‘of all the stabilizers studied, the 
addition of 1 to 1.5 per cent of sulphuric acid to the coal surfaces before mixing with 
the oil was found to give the best results.” Hersberger, however, concludes that 
stabilizers are unnecessary if the coal is properly ground and mixed. 



Percent coal in fuel Percent coal in fuel 

(o) Percent coal - viscosity (b) Percent coal - specific gravity 



lOOt-L-Li-^-1-^^-1 lOOlll-Ii_^_ 1 . 

0 20 40 60 80 100 0 20 40 60 80 100 


Age,days Age, days 

(c) Stability of mixtures (d) Stability of mixture 

at various coal concentrations with vorious pulverizotlons 

Fiq. 8-2. Some general characteristics and trends of coal-in-oil fuels. (Curves shown in 
this group are intended to show trends only and are not accurate as to specific figures.) 

Schroeder cites experiments showing that coal tar is very effective because at tem¬ 
peratures of from 250 to 300°C the coal is peptized, f.e., partly dissolved and partly 
suspended, by coal-gas tars, water-gas tars, and particularly by middle and fraction 
oils from tar distillation. Relatively high percentages of tar, 5 to 20 per cent, are 
needed, and the demand for tar would therefore exceed the supply if colloidal fuels 
should become popular. 

Practical Operation in Boilers 

For practical use in boilers, all investigators have recommended the use of steam- 
atomizing burners and look upon mechanical atomization with considerable doubt. 

The burners should be tapped into a circulating system, using proper nonclogging 
regulating valves for fuel-quantity adjustment. 

Van Brunt warns that refractory furnaces may not hold up under coal-in-oil fuels 
and recommends either waterwalls or reduced rating. 
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Neither Jonnard nor Barkley, Hersberger, and Burdick experienced any difficulty 
in burning up to 43 weight per cent of coal-in-oil fuel in standard oil-burner settings. 
Jonnard reported some slag on the tubes, which was loose and soon fell off; and he 
further noted a softer somewhat dusty flame which filled the furnace more completely 
and without the cutting or impinging effect of certain fuel oils as burned alone. He 
felt that boiler efficiencies would equal or better those of either fuel oil or pulverized 
coal and cited a test on 40 per cent coal, coal-in-oil fuel at an average boiler rating of 
130 per cent at an efficiency of 75.8 per cent. 

Barkley, Hersberger, and Burdick report comparative tests of No. 6 fuel oil and 
three batches of 40 per cent coal-in-oil fuel as shown in Table 8-3. The boiler was a 
151-hp long-drum water-tube Babcock & Wilcox as operated on a regular steaming 
run. The operators obtained slightly lower boiler efficiencies with coal-in-oil fuels 
than with oil; about 79.5 to 80.5 with coal-in-oil as against 81.2 per cent with oil alone. 
However, this difference was small enough to be within the limits of test errors and is 
thus not finally conclusive. No operating difficulties were reported; the flame 
responded smoothly to changes in the boiler load; smoke could be controlled as with 
oil, except when starting cold; and COo could be controlled to any desired point with¬ 
out CO. Two-thirds more atomizing steam was required than with oil alone. Trou¬ 
bles from ash were negligible, although fly ash should be removed every 8 hr. While 
no settling or clogging was noted in the lines, there was some clogging in the screens. 


Table 8-3. Comparative Boiler Tests on Oil and Coal-in-oil Fuels ^ 


Test No 

1 

2 

3 

4 

Make and type of; 

Boiler 

Superheater 

Burner . 

B. & W. longitudinal drum 

B. & W convection 

Best, steam-atomizing burner 

Total heating surface 

1,792 sq ft 

Fuel type 

No. 6 oil 

Coal-in-oil 

Per cent coal. 

0 

39 4 

39 7 

39 5 

Btu/lb 

18,380 

16,820 

16,670 

16,960 

Sp gr 

0 982 

1 082 

1 094 

1 083 

Ash, per cent. . 


2 4 

3 1 

1 8 

Carbon dioxide, per cent 

12 8 

12 2 

13 9 

14 7 

Temp, deg F: 





Flue gases 

457 

480 

476 

455 

Fuel in tank 

75 

81 

88 

84 

At pump. 

60-70 

85-125 

75-110 

70-95 

Leaving heater, 

180-200 

160-180 

180-195 

150-170 

At burner . 

163 

154 

163 

142 

Duration of test, hr 

192 

144 

120 

120 

Dry fuel per hour, lb. 

347 

380 

389 

384 

Fuel/cu ft furnace/hr, lb 

0 63 

0 70 

0 72 

0 70 

Per cent steam u^ed for atomizing 

1 8 

3 2 

2 7 

3 2 

Refuse in furnace, per cent dry fuel 


0 4 

0 8 

0 3 

Dust entering stack, per cent dry fuel 


1 9 

2 3 

1 2 

Rate of heat absorption, Btu. 

14,930 

13,420 

13,340 

13,670 

Rating developed, per cent. 

103 

101 

103 

104 

Heat Balance 





Heat loss H20 from hydrogen, per cent. . .. 

6.4 

5 7 

5 6 

6.6 

Heat loss dry flue gases, per cent. 

9 0 

10 3 

8 9 

8 1 

EflBoiency, per cent. 

81.2 

79 8 

80.0 

80.6 


^ Condensed from Barklbt, Hbbsbbrgbr, and Burdick. 
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control valves, and meters, and occasional slight clogging at the burner tips. Some 
wear was noted at the burner tips and in the rotary pump. The capacity of the rotary 
pump dropped about 30 per cent. While the reciprocating pump capacity ,also 
dropped, it was not measured. 

Attempts by Barkley et aL to bum coal-in-oil fuel in two 20 and 90 gph rotary-cup 
commercial burners were not so successful, principally because 6f pumping and igni¬ 
tion difficulties and carbon accumulations in the cup. 



c 

o 

1 


Calculated for: 

152, CXX) Btu 
per gallon *6, 

(bunker "c" oil) 
and 

14, OCX) Btu per 
lb bituminous 
coal 


Fig. 8-3. Economic chart for coal-in-oil fuel. 


Economics of Coal-in-oil Fuel 

Figure 8-3 permits a direct comparison of the resultant cost of coal-in-oil fuels, 
using various weight percentages of coal in the admixture, and with various priced 
coal and oil. 

A line drawn between the cost of oil on the left-hand scale and the cost of coal on 
the right-hand scale will intersect the center family of lines, which represent the per 
cent of coal in the admixture as marked at the bottom, at points corresponding to the" 
resultant coal-in-oil fuel costs. 

Example: As illustrated by the very light dash lines, a line between oil at 7 cents a gallon 
and coal at $8 a net ton intersects the 40 per cent coal-in-oil line at 39 cents per million Btu. 
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This, then, is the cost of the admixture. This resultant cost may be further compared with 
oil by extending the point of intersection horizontally to the oil scale, as shown by the 
left arrows, where it is seen that 39-cent fuel is equivalent to 5.95-cent oil, as compared 
with the 7-cent oil used in the mixture. Similarly, by extending the point of intersection 
horizontally to the right, it is seen that the admixture is equal in cost to $10.95 per ton 
coal. As the cents per million Btu are all on the same horizontal plane, a ruler placed 
horizontally permits a direct comparison of oil and coal at any price level. 

This chart takes into consideration only the raw material at fixed heat values of 
152,000 Btu per gal for fuel oil and 14,000 Btu per lb for coal. In cases where more 
accurate or more inclusive cost comparisons are desired, the following formula by 
F. W. Godwin of the Armour Research Foundation will be useful: 

C^ost of coal-in-oil fuel, cents per million Btu 

^ “ ^ )/d]47.62Po + C n. 

0 . 00602 [X//,'+ (1 - K)Ho] 

where Pc — cost of coal including freight, dollars per ton 
Po — cost of oil including freight, dollars per bbl 
Cg — cost of grinding and preparing the coal, dollars per ton 
Cm ~ cost of mixing and stabilizing the coal-in-oil fuel, dollars per ton of 
finished fuel 

He = heating value of coal, Btu/lb 
Ho — heating value of oil, Btu/lb 
K = tons of coal used per ton of finished fuel 
d ~ density of the suspending oil, lb/gal 

Fixed charges of the buildings, grounds, and storage facilities should be added to 
another term added to the numerator, or they can merely be added to the cost of 
mixing. Cm. 

PETROLEUM PRODUCTS FROM SHALE^ 

The extraction of oil froui shales is not a new concept. The French shale-oil 
industry dates from 1838, the Scotch from 1850. The Japanese fueled part of their 
navy with shale oil during the Second World War. Substantial shale-oil industries 
operate today in Scotland, Sweden, South Africa, Australia, France, Spain, and 
perhaps Estonia and Russia. 

While oil shale is found in several parts of the United States, the richest beds arc 
located in the vicinity of the intersection of Wyoming, Utah, and Colorado (see 
Fig. 8-4). 

By what are generally considered to be conservative estimates, the potential petro¬ 
leum reserve contained in United States deposits of shale is at least 250 billion bbl. 
This is as compared with some 20 to 25 billion bbl of liquid-petroleum reserves in the 
United States. 

In the United States the recovery of oil from shale is complicated by the fact that 
the containing rock, while generally called shale, is actually a marlstone, which is 
considerably harder than shale. 

The great Athabaska tar sands of Canada, frequently confused with oil shales, are 
in reality quite different and should not be so classified. 

Nature of “Oil” Contained in Shale. Oil does not exist in shale in the same form 
as the liquid crude oils; in fact, the substance contained in the pores of the United 
States marlstone, or shale,” is not even an oil, but a solid known as ^‘kerogen.” 

Kerogen is a general term for organic matter that has been decomposed down to a 
certain point and then remained fixed. According to one theory, whereas petroleum 
was formed from minute animal and vegetable organisms trapped in silt at the bot- 

^ From The Lamp, Standard Oil Co. (New Jersey), vol. 31, No. 1, pp. 27-31, January, 1949. 
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tom of salt-water seas, kerogen, in this country, came largely from minute plants that 
were deposited at the bottom of fresh-water lakes. 

Kerogen contains hydrocarbons in combination with sulphur, oxygen, and nitrogen. 
It can be cracked into an oil at temperatures of about 800®F. The chemical make-up 
of shale oil greatly complicates the refining problem to such a point that any wide¬ 
spread use of this material will probably necessitate entirely new refining methods, 
rather than the infinitely simpler mere substitution of shale oil for petroleum in present 
equipment. 

Shale-oil molecules have a peculiar structure; they do not have enough hydrogen 
atoms to match their carbon atoms but instead have excessive quantities of unwanted 
elements, particularly sulphur, oxygen, and nitrogen, the last two of which are rarely 
found in petroleum. The result is that shale oil is unstable and therefore deposits 
gum, sludge, and sediment. It also has a disagreeable odor. 



Fig. 8-4. Location of principal oil-shale fields of the United States. {The Lamp.) 

In the opinion of Standard Oil Co. (New Jersey), one of several companies.who are 
working in cooperation with the U.S. Bureau of Mines in an effort to solve this and 
similar problems, hydrogenation may prove to be the solution by facilitating the 
removal of both unwanted elements and the odor. If so, the resulting shale oil would 
be the equivalent of a high-quality petroleum crude, which can be readily converted to 
gasoline, diesel fuels, heating oils, and other standard petroleum products. 

Oil-shale Yield. Engineers of the U.S. Bureau of Mines report that the yield from 
a ton of marlstone, or “shale,’’ will vary from a few gallons to well over 50 gal. At 
present 30 gal per ton recoverable content is considered to be the minimum-yield 
material which can meet economic considerations. On this basis, 1],^ tons of rock 
must be mined and handled per barrel of oil yield. Present estimates of mining cost 
to the portal of the Bureau of Mines experimental mine and refinery at Rifle, Colo., 
are currently less than 30 cents per ton of oil-bearing rock. 

Prospects for Oil Shale. In general, the three following conditions must be met 
before shale oil can take its place beside standard fuels: 
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1. The coat of mining the ore must be made low enough so that it will be economi¬ 
cally practical to handle the vast amounts of oil-bearing rock that will be needed. 

2. An efficient and economic way must be found to extract the oil from the shale, 
undoubtedly in a continuous process. 

3. Research must devise means of refining the crude shale oil into useful products in 
the price and quality range of petroleum products. 

As neither hydrogenation nor the other necessary steps are cheap, it now seems 
quite definite that shale oil will cost more than liquid-petroleum fuel made from 
natural gas, but not necessarily more than a similar fuel made from coal. However, 
natural gas and coal are fuels in their own right; oil shales, underlying thousands of 
square miles in several parts of the country, are utterly wasted resources unless they 
can be converted into some such useful fuel. 

SYNTHETIC MOTOR FUELS 
Synthetic Motor Fuels^ from Gases 

Synthetic chemical compounds obtained from waste gases by pressure catalysis, 
hydrogenation, pyrolysis, polymerization, etc., constitute suitable replacement motor 
fuels. Much research is now being done on these processes; but, because of the 
rapidly changing status resulting from the flow of new data secured by the many 
investigators engaged in exploring the possibilities of these sources, very little accurate 
or stable information on yield or cost can be secured. 

Not only is petroleum itself a very cheap raw material, with potentialities perhaps 
as great as those formerly posessed by coal tar, but waste refinery cracking gas and 
other refinery wastes; coal tar, water gas, and coke-oven gas; natural gas; and similar 
sources of paraffins and olefins are abundant, and all are susceptible of chemical treat¬ 
ment in several ways. Moreover, the products obtained by various methods of 
processing are frequently identical, although the respective percentages may vary. 
Besides these sources, the liquefaction of coal by hydrogenation and the distillation, 
or cracking, of creosote and tar by-products from wood or low-temperature coal 
distillation constitute potential sources of motor fuel. 

Most of the synthetic fuels produced from waste gases are notable for high octane 
values, and many of them are similar to present gasoline fuels and therefore introduce 
no new problems in engine performance or design. 

Two of the simpler processes of producing alcohols and alcohol derivatives from gas 
by synthetic methods have already reached commercial production. These are 
production of methanol (wood alcohol) by the catalytic synthesis of carbon monoxide 
and hydrogen, and the production of ethanol by absorption of ethylene in sulphuric 
or other mineral acids and subsequent hydrolysis. The respective cost of production 
of such synthetic alcohols is probably considerably below that of the alternate older 
processes of wood distillation and sugar fermentation. 

Amyl alcohol is being produced commercially in the United States by the clorination 
and hydrolysis of petane fractionated from natural gasoline. 

Isopropyl alcohol has been commercially produced by acid absorption of propylene 
obtained from the overhead gas resulting from stabilized cracked petroleum. 

Acetone has been made from the reduction of isopropyl alcohol, which in turn was 
derived from petroleum gases. 

Other alcohols or compounds can be synthesized by using the same basic materials 
and equipment and by the same general process by variations in pressure and tem¬ 
perature or by percentage concentration. 

Based on an estimated annual production of 300 billion cu ft of cracked gas, and a 

* Motor Fuels from Farm Products, U.S. Dept, Agri., Miac. Pub, 327, p. 102, 1938, 
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yield of 5 gal of polymer gasoline per 1,000 cu ft of gas, about 1,500,000,000 gal of 
motor fuel might be obtainable from this source alone. 

Ethyl Alcohol as a Motor FueP 

Many claims have been made as to the superiority or inferiority of alcohol as a 
motor fuel, with the subject remaining controversial at this date. On the basis of 
available combustible matter, gasoline is a better fuel for engines of present design 
than alcohol, since high-test gasoline may contain 135,000 heat units (Btu) per gal 
compared with only 84,425 for alcohol. The low absorption of water by gasoline, in 
contrast to the miscibility of water and alcohol, is a further advantage. However, 
certain physical characteristics of alcohol are more favorable. The relative advan¬ 
tages and disadvantages of both straight alcohols and various blends are discussed in 
detail in the reference cited. 

In foreign countries where gasoline is in short supply, blends of from 5 to 25 per 
cent have been commercially used for several years. Advantages claimed include the 
high octane number of alcohol (99) and the high latent heat of vaporization (368 Btu 
per lb). As mentioned above, the Btu value (12,810 Btu per lb high heat value) is low 
as compared with gasoline to result in a specific fuel consumption for maximum power 
that is greater. Performance is essentially the same as gasoline, excepting that cold 
starting may be difficult. Troubles from increased corrosion and solvent action have 
been reported. Alcohol-gasoline blends tend to separate in presence of water, but the 
stability can be improved by the use of such blending agents as benzene, toluene, and 
the higher alcohols.* 


Methanol (Wood Alcohol)^ 

As a motor fuel, methanol is inferior to ethyl alcohol, since it yields only about 73 
per cent (weight basis) of the net heat units of ethyl alcohol. Also, it has poorer 
blending qualities when used with gasoline. It has a higher latent heat of vaporiza¬ 
tion than ethyl alcohol and a lower boiling point. It requires less air for complete 
combustion and consequently has a higher volumetric efficiency. Under certain 
conditions, however, methanol may show better performance than ethyl alcohol. In 
special fuels, it has been used in quantities as high as 40 per cent of the fuel mixture, 
the cost being of secondary importance in such cases. It is used quite extensively as 
an ingredient of racing fuels. 

Foreign Use of Gasoline-Alcohol Blends 

While the use of gasoline-alcohol blends in Europe was rather extensive, and usually 
compulsory before the Second World War, no attempt will be made to list the practice, 
since postwar information is not available and radical changes are therefore to be 
expected. As of 1938, the status in Central and South America was as follows: 

Cuba. Motor blends were used but not required. Petroleum was plentiful, but 
authorities urged the extensive use of alcohol as a stimulus to the sugar industry. 

Panama. An executive decree, effective in 1934, authorized the marketing of a 
mixture known as “alcoholina,^^ but its use was not compulsory. The move was 
intended to benefit sugar-cane growers and was subsidized. Despite this, the cost of 
the fuel was high and its acceptance very poor. 

Brazil. No petroleum was produced in Brazil. In 1934, the government author¬ 
ized the sale of 10 per cent blends, which was raised to 15 per cent in Rio de Janeiro in 
1937. Difficulty was experienced in obtaining sufficient alcohol. 

^Loc. cit., p. 87. See also, Sulphite-liquor Alcohol in Sweden, on page 247. 

* See Symposium on Motor Fuels, Jnd. Eng. Chem., September, 1936, pp. 1080-1112. 
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Table 8-4. Physical Properties of Alcohols, Hydrocarbons, and Miscellaneous 

Organic Substances^ 


Material 


Acetoiie. 

Amyl alcohol 
Butyl alcohol 
Ethyl alcohol 
Methyl alcohol 
Isopropyl alcohol 

Aniline. 

Diethyl ether.... 

Gasoline, A-2*>. 

Gasoline, 3-2**. 

Gasoline, C-6*».. 

Butane. 

Cyclohexane... 

Benzol. 

Heptane 

Hexane. 

Naphthalene .. 

Octane .... 

Pentane 
Isopentane. 

Toluol 

1 Motor Fuel from Farm Products, U,S. Dept. Agr. Misc. Pub. 327, p. 88, 1938, 

<* CFR motor method. 

Properties of secondary reference fuels by Standard Oil Development Co. 

« Estimated. 

^ Blending octane numbers at 300®F. 

Chile. The use of 10 to 15 per cent 
alcohol was made compulsory in 1931. 
A shortage of alcohol forced this down to 
6 per cent. Excess sugar cane and ab¬ 
sence of native petroleum was the reason 
for the law. 

Peru. The government had an income 
from gasoline imports. As a protection 
to sugar, alcohol was allowed on farms 
for their own use. 

In other countries (Angola), blends of 
as high as 75 per cent were sold and 
used. 

Hydrogenation and Gas Synthesis 
of Solid Fuels 1 

The three principal sources of syn- 
Fig. 8-5. Proportionate sources of syn- thetic oil are natural gas, oil shale, and 
thetic liquid fuel if all known fuel reserves coal. Of these, coal is by far the leading 
in the United States were converted. potential source of oil in the United 
{Doherty, Syrahelu, Liquid Fuda from Cool.) ^^own in Fig. 8-5. 

The two principal methods of producing oil from coal are the hydrogenation 
(Bergiiis) and the gas-synthesis (Fischer-Tropsch) processes. 

1 Doherty, J. D., Synthetic Liquid Fuels from Coal, Trans. AI ME, April, 1949, pp. 116-124. 



Mol. wt 

Freez¬ 
ing 
point, 
deg F 

Boiling 
point, 
deg F 

Sp gr at 
temp 
shown, 
deg F 

Latent heat 
of vaporiza¬ 
tion at temp 
shown, deg F 
g-cal/g 

Heat of 
combus¬ 
tion, 
Btu/lb 

Flash 
point, 
deg F 

Octane 

No. 

58 05 

-138 

119 

0.793 @ 68 

134 74 © 32 

13,122 

0 


88 11 

-109 

280 

0.814^ 68 

120 17 268 

16,236 

104 


74 08 

-129 

244 

0 811 @ 68 

141 00 Qi) 244 

15,498 

111 


46 05 

-174 

173 

0 791 © 68 

236 00 C(^ 32 

12,816 

65 

90'* 

32 03 

-143 

148 

0 793 m 68 

284 00(0 32 

9,522 

52 


60 06 

-129 

180 

0.786 @ 68 

141 00 180 

14,256 

67 


93 06 

21 

364 

1 039 @ 32 

104 00 @ 32 

15,678 

160 


74 08 

-177 

94 

0.736^ 32 

94 00 @ 32 

15,660 

-52 


114« 

- 60 

115-389 

0 738 m 60 

71 @ 250 

20,250 

0 

48.4“ 

115‘> 

- 60 

111-359 

0 756 @ 601 

70 @ 250 

20,142 

0 

68« 

94'- 

- 60 

122-316 

0 712 @ 60 

72 @ 250 

20,394 

0 

76« 

58 08 

-211 

31 

0 601 (<$ 32 

91 5 @ 32 

20,988 

Gas 

71*' 

84 09 

44 

177 

0.797 @ 32 

86 @ 32 

20,070 

-1 

84 rf 

78 05 

42 

176 

0 900 C4 32 

107 @ 32 

18,018 

6 

88‘i 

100 12 

-131 

205 

0 700 @ 32 

90 % 32 

20,664 

25 

0** 

86.11 

-140 

156 

0 677 @ 32 

91 1 @ 32 

20,700 

0 

23 5rf 

128 06 

176 

424 

0 978 @ 32 

75 5 @ 392 

17,388 

187 


114 14 

- 70 

258 

0 719 ^ 32 

89 4 @ 32 

20,608 

63 

-13** 

72 09 

-202 

97 

0 645 32 

9315 @ 32 

20,808 

0 

57 5rf 

72 09 

-257 

82 

0 620 68 

93 32 

20,808 

0 


92 06 

-140 

231 

0 885 32 

86 5 @ 231 

18,270 

45 

102** 
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In general, the gas-synthesis plants are rather inflexible, being approximately 90 
per cent gasoline or gasoline plus liquefied petroleum gases; the coal-hydrogenation 
plant is extremely flexible and can readily produce a high percentage of aviation gaso¬ 
line, diesel fuel, jet fuel, or fuel oil as desired. 

By-products from hydrogenation include industrially valuable tar acids and tar 
bases, which generally increase with the decreasing rank of the coal. Based on 
moisture- and ash-free coal, tar acid yields vary from 5 to 15 per cent and tar bases 
from 2 to 4 per cent. Other portions of the intermediate products could be used for 
wood preserving and as solvents. 

By-products of gas synthesis vary over a wide range from solid wax to methane, the 
relative quantities depending on the catalyst employed, the ratio of hydrogen to 
caibon monoxide, and the conditions of temperature and pressure. 

Processes for Making Motor Fuels from Hydrogenation and Synthesis of 

Solid Fuels 

While it is possible to produce motor fuels from coal, tar, and similar materials by 
hydrogenation processes, the data thus far available do not indicate that such fuels 
are likely to be produced as cheaply as by synthesis from gases. These raw materials 
(coal and derivatives) arc, however, the logical sources of replacement fuels for coun¬ 
tries having coal deposits in place of oil deposits, particularly where there is a desire to 
achieve national self-sufficiency regardless of cost. 

In the Bergius process of coal hydrogenation, pulverized coal is made into a paste 
by using a carrier oil and recirculated with hydrogen under high temperature and 
pressure (3,000 to 10,000 psi and 800°F). It is claimed that by this process 65 per 
cent (by weight) of the coal is recovered as an oil, 25 per cent of the oil being directly 
suited as a motor fuel. About a ton of additional coal per ton of coal processed is 
required as fuel, so that actually only about 8 per cent of the coal (17.5 gal of oil per 
ton) is recovered in liquid form. Production costs of the gasoline are claimed to be 
about 10 to 13 cents per United States gallon without obsolescence or interest charges. 
About half of the thermal energy of the original coal is lost. The capital costs of a 
coal-hydrogenating plant are at present extremely high, but these may be somewhat 
reduced as development proceeds. 

In the Fischer-Tropsch process (Kogasin synthesis) coal or coke is used as a source 
of water gas. The mixture of carbon monoxide and hydrogen is purified, additional 
hydrogen is added, and the combined gas is passed over a catalyst at atmospheric 
pressure at 200°C. The resulting products differ from other carbon monoxide and 
hydrogen combinations in that they contain hydrocarbons and no alcohols. They 
vary in constitution with change of reaction factors and catalyst. 

Fischer-Tropsch plants are understood to involve higher operating costs than coal- 
hydrogenation plants and produce fuels of lower relative octane rating. The catalysts 
seem to be easily poisoned. Petrol from coal hydrogenation may show an octane 
rating from 70 to 100 (Cooperative Fuel Research Committee method). However, 
Fischer-Tropsch plants may be economically operated at smaller size and can also 
produce by-product oils which can be processed into lubricants, so that in net cost the 
Fischer products are probably lower than coal-hydrogenation products. 

Low-temperature carbonization is also often cited as the process that will solve the 
problem of future motor-fuel supply. In this process, coal is heated to 450 to 700®C 
instead of to 1000 to 1300°C. The tar yields are from 15 to 35 gal a ton, or two or 
three times those obtained by high-temperature carbonization. From 1 to 2 gal of 
light oil can be scrubbed from the gas, and another gallon or two distilled from the 
tar, the total yield being from 2 to 4 gal. Refining losses would bring the net yield 
of motor fuel from gas scrubbing and straight distillation of the tar to about the same 
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* SiLLCOX, L. K., “Patterns of Power,” MIT, Mar. 17, 1948, pp. 13, 14. 
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Table 8-6. Reported Operating Results and Costs from European Gasification 

Processes^ 


Process 

Conventional blue gas 

Winkler 

Lurgi 

Didier 

Thyssen- 

Coal 

Coke 

Galocsy 

Operating Results 

Gas produced, Mcf/day 

25,280 

23,000 

24,850 

28,550 

24,800 

24,250 

Gas produced, cu ft/hr/sq ft 

2,820 

2,885 

13,180 

8,430 


7,425 

Btu/cu ft gas 

305 

295 

263 

480 

[ 325 

330 

Coal, Ib/Mcf . 

36 65 


33 05 


29 55 

34 55 

Coke, Ib/Mcf 

Steam, Ib/Mcf .. 

59 05 

35 35 

58 20 

27.65 

21 88 

42 50 

59 05 

21 40 

Power, kwhr/Mcf. .. 

0 396 

1 932« 


1 478« 

0 202 

2 065« 

Oxygen, cu ft/Mcf . 



291 

131 


198 

Boiler feed water, gal/Mcf 

7 10 

6 97 

3.32 

5 10 

7 08 

2 56 

Cooling water, gal/Mcf 

8 38 

15.20<^ 

4.79 

22.26^ 

8 52 

21 80fc 

Operating Costs 

Total investment cost:' 
Without oxygen plant 

$1,884,000 

$1,588,000 

$1,372,000 

$1,247,000 

$2,145,000 

$1,347,000 

With oxygen plant 



$1,753,000 

$1,444,000 


$1,601,000 

Investment cost/Mcf/day i*" 

$74 60 

$68.00 

$55 20 

$43 70 

$86 40 

$55 50 

Without oxygen plant 

$74 60 

$68.00 

$55 20 

$43 70 

$86 40 

$55.50 

With oxygen plant . 



$70 60 

$50 65 


$66 00 

Production costs/Mcf, cents:'' 
Fuel 

7 48 

13 78 

6 75 

8 54 

6 04 

7 07 

Water 

0 18 

0 24 

0.09 

0 28 

0 18 

0 23 

Electricity 

0 32 

1 55 


1 18 

0 16 

1 65 

Oxygen .. 

Labor, materials, etc 

1 23 

1 14 

3 95 

0 91 

1 77 

0 72 

1.42 

2 69 

0 91 

Maintenance @ 3 % invest¬ 
ment 

0 61 

0 57 

0 45 

0 36 

0.71 

0 46 

Fixed charges (12^2 invest¬ 
ment) . 

2 56 

2 36 

1.89 

1 60 

2 97 

1 90 

Total costs/Mcf® 

12 38 

19 64 ' 

14 04 

14.35 

11.48 

14 91 


1 “Low Investment Cost Gas Production Processes,” Sec. I, pp. 81-82, Project CS-10, Institute of 
Gas Technology, Chicago. 

® Probably duo to larger number of electric drives. 

Probably duo to absonce of waste-heat boilers. 

«All costs are relative and not directly related to United States current costs. They are shown for 
purposes of comparison only. Even so, later research may completely change the comparisons. 

as that obtained in high-temperature carbonization. However, this low-temperature 
tar may be subjected to the same pressure-cracking processes that are used for petro¬ 
leum and thus yield 20 to 30 per cent motor fuel. A yield of 7 to 12 gal per ton of 
coal carbonized is therefore possible. 

Lurgi Pressure Gasification.^ It was discovered recently that, if gasification is 
conducted under sufficient pressure, such as 300 psi, part of the gas comes off as 
methane, with a heating value three times that of standard water gas. Here gasifica¬ 
tion and partial catalytic enrichment are combined into one operation, and the over¬ 
all gasification efficiency is considerably improved. The Lurgi pressure gasification 
process is an example of a plant designed to take advantage of this opportunity. 
Prepared coal (or possibly char or lignite) is fed through a pressuretight chaipber into a 
pressure-gasification retort and there gasified with stream and oxygen. The inner 
vessel, lined with refractory brick, is water-jacketed to protect the thick-wall pressure 
shell from the white-hot tornado within. Steam produced in the water jacket pro¬ 
vides one of the materials for the gasification process. The gas product, a mixture of 
water gas and methane, is cleaned and readied for use. If a still higher Btu gas is 

^ “ Prospects for the Production of a Substitute for Natural Gas,” Federal Power Commission 
Natural Gas Investigation Staff Report, Docket G-680, pp. 37-41, 1947. 






LIQUID FUELS NOT'FEOM CRUDE PETROLEUM 


desired, this mixture may be further enriched by transforming some of the water gas 
into hydrocarbons, to give a high-Btu gas already under pipe-line pressure. 

Winkler Process. The Winkler system also contemplates complete gasification, 
but at atmospheric pressure. Pulverized coal is continuously fed to the bottom of a 
retort by a screw or other conveyor, where it is picked up by the high-velocity incoming 
oxygen-steam stream and held in suspension a short distance above the grate while 
burning. This method of firing is known as ‘‘fluidizing.” It is claimed that the 
process is both flexible and high in output. The end gas is lower in heat value than 
that developed by the Lurgi process and would require an enriching additive. The 
capacity reaches 400 lb of coal per sq ft of grate per hr. The Winkler system can use 
fine waste coal not exceeding 8 per cent maximum moisture; ash content up to 20 per 
cent; noncaking (the higher the fusion point of the ash, the b(^ttor the performance of 
the coal). Approximately 270 cu ft of oxygen is required per 1,000 ft of gas, or 27 per 
cent (for synthesis gas). 

Thyssen-Galocsy process appears to have been designed along lines of the original 
blast furnace, now better known as the slag produec^r. The principal advantage over 
other producers is the slag-removal feature, which enables the use of lower fusion coals. 

Parry Process. At Grand Forks, N.D., the IT.S. Bureau of Mines has a pilot plant 
in which reactive lignite and subbituminous coal are gasified by steam in a annular 
externally heated metal retort. This process can produce directly a wu'de range of 
gases in varying proportions of hydrogen but requires a sized rca(5tivc fuel and there¬ 
fore does not have the wide application of the powdered-coal process. 

Underground Gasification. The Bureau of Mines is actively engaged in both pilot- 
plant and field experiments on underground gasification of coal. Field tests are 
conducted at Gorgas, Ala., in conjunction with the Alabama Power & Light Co. 
Thus far the gas produced lias beiui of v(^ry low Btu content. 

Characteristics of Coal for Sjoithesis Fuels^ 

As Affecting Both Synthesis and Hydrogenation. Some characteristics of coal will 
have a bearing on their use for either the gas-synthesis or hydrogenation proci'ss. 
These include ash content, moisture content, storage properties, and, especially, 
uniformity. 

Although high-ash coal can be gasified, it is axiomatic that low-ash is advantageous 
in almost any process using coal and that the value of ash reduction increases with 
the cost of such processing. Therefore, as gasification for either the gas-synthesis or 
coal-hydrogenation process and primary liquefaction in th(i latter process are expen¬ 
sive, it appears that coal washing will be justified. 

High surface moisture can cause handling difficulties with fine coal. In any case 
the moisture in coal, if not removed by prior drying, requires heat for evaporation in 
the processing and therefore may, and very likely will, be a disadvantage. 

Uniformity is one characteristic of coal that will undoubtedly be extremely impor¬ 
tant for both the gas-synthesis and hydrogenation processes. Gasification of coal with 
oxygen or steam to produce synthesis gas or hydrogen is likely to be a delicately 
balanced opt^ration that will require a constant feed of uniform-quality fuel. Coal 
for liquefaction in the hydrogenation process must also be uniform, as variations in 
ash or petrographic constituents could affect the catalyst requirements and operating 
conditions. 

As Affecting Gas Synthesis. Characteristics of coal that may affect the gas- 
synthesis process particularly are the sulphur content, ash-softening temperature, 

I Dohektt, J. D., “Synthetic Liquid Fuels from Coal,” paper i)resented at joint fuels meeting of 
AIME-ASME, White Sulphur Springs, November, 1948. Printed in Trans. AIME, April, 1949, 
pp. 118-124. 
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Table 8-7. Fuel and Water Requirements for 10,000 Bbl par Day Synthetic-fuel 

Plant! 


Hydrogenation 


Gaa synthesis 


Bituminous coal (11,900 Btu/lb)i 

Tons/ealendar day. 

Tons/year . 

For 20-year life of plant . 

Daily mine capacity required (260 days/year). 

Subbituminous coal (9,500 Btu/lb): 

Tons/calendar day. 

Tons/year. 

For 20-ycar life of plant . 

Daily mine capacity required (260 days/year) . 

Lignite (7,500 Btu/lb): 

Tons/calendar day. 

Tons/yoar. . 

For 20-year life of plant. . 

Daily mine capacity required (260 days/year). 

Anthracite (13,500 Btu/lb); 

Tons/calcndar day. 

Tons/year. 

For 20-year life of plant. 

Daily mine capacity required (260 days/year). 

Water, minimum stream flow available (spray cooling and recircula¬ 
tion) : 

Intake, millions of gal/day. 

Net consumption, millions of gal/day. 

Water, unlimited stream flow availaVile (no recirculation); 

Intake, millions of gal/day. 

Net consumption, millions of gal/day. 


4.300 
1,570,000 

31,300,000 

6,000 

5.200 
1,900,000 

38,000,000 

7.300 

6,600 

2,400,000 

48,200,000 

9.200 


9.6 

6.6 

167 

0 8 


5.100 
1,840,000 

36,700,000 

7.100 

6,400 

2,300,000 

46,000,000 

9,000 


8,100 

2,900,000 

68,880,000 

11,300 

4,500 

1,619,000 

32,380.000 

6,300 


12.1 

8.1 

167 

1 


1 Doherty, J. D., Synthetic Liquid Fuels from Coal, Trans. AIMS, April, 1949, p. 123. 


Table 8-8. Effect of Sulphur Content of Coal on Synthesis-gas-purification Costs^ 

(Based on a plant producing 10,000 bbl of oil per day and 26 lb of coal per thousand cu ft of raw 

synthesis gas) 


Per cent of sulphur in coal.. 

1 

3 

5 

Investment in purification equipment .. 

$3,865,000 

$5,447,000 

$6,688,000 

Recoverable sulphur, tons/day 

38 

118 

198 

Cost of sulphur removal/ton coal 

$0.75 

$1.15 

$1 52 

Net cost of purification per ton of coal gasified based 
on the following various sulphur credits (include 
credit for heat recovery); 

Credit per long ton of sulphur recovered; $ 5 — 

$0.71 

$1.03 

$1.32 

$10 ... 

0 67 

0.91 

1 12 

$15,... 

0.62 

0 79 

0 91 

$20. .. 

0 58 

0 67 

0.71 

$25.... 

0.55 

0 55 

0.61 


I Doherty, J. D., AIME-ASME Joint Fuels Conference Paper, White Sulphur Springs, November, 
1948, from Trans. AIME, April, 1949, p. 122. 


and coking properties. Rank of coal is not important; any rank from anthracite to 
lignite can be used. 

As the synthesis gas must be virtually free from sulphur'compounds, high-sulphur 
coal will increase the cost of gas purification. Table 8-8 summarizes recent estimates 
on the cost of gas purification. These figures indicate that, where a liberal credit can 
be obtained for sulphur recovered, high-sulphur coals may be acceptable. If little or 
no credit is available from the sale of sulphur, reduced purification costs alone might 
justify cleaning the coal. 
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Process for liquefaction 
Gasification coal for hydrogen 
Coal for producer gas 
Coal for steam and power 
Total. 


Per Cent 
53 
12 
9 

26 

. 100 


Coal gasification must be carried on at temperatures of at least ISOO^F, and it may 
be desirable to employ considerably higher temperatures to eliminate tar and gum- 
forming constituents from the gas. With either nonslagging or slagging processes, 
the ash-fusion temperature is likely to be an important factor. It must be high 
enough so that the ash will not fuse in the nonslagging process and low enough to fuse 
completely in the slagging process. 

If coal is to be gasified in the fluidized state, as has been proposed, the coking char¬ 
acteristics may be very important. With strongly coking coal, it may be necessary 
to recirculate large quantities of noncoking material to prevent agglomeration in the 
fluidized bed. For the production of synthesis gas by the Parry process, a very 
reactive noncoking fuel is required, such as lignite or subbituminous coal. Use of 
the conventional water-gas process would require noncoking fuel, such as anthracite 
or coke. 

In a synthesis plant, approximately one-eighth of the total coal is used to produce 
steam and power. This may be a conventional boiler fuel. 

As Affecting Hydrogenation. The matter of coal selection, or coal distribution in 
the case of a single source of coal, is much more complicated for a coal-hydrogenation 
plant than for a gas-synthesis plant. A commercial plant using the hydrocarbon 

gases formed in the process as a source of 
hydrogen would have four different uses 
for coal, divided approximately as 
tabulated at left. 

The process coal for liquefaction is, of 
course, the critical portion. The other 
uses may in some instances be advantageous, as the equipment may be selected to 
utilize cheaper coals, or portions of the coal from a captive mine that arc less desir¬ 
able for liquefaction. 

Common banded bright coals ranging in rank from liigh-volatile bituminous coal to 
lignite are generally suitable for liquefaction by coal hydrogenation. The higher 
rank medium- and low-volatile coals are liquefied to a lesser extent and therefore 
yield less oil per ton of moisture- and ash-free coal. Anthracite yields virtually no 
liquid hydrocarbons under hydrogenation conditions. 

In addition to the rank of the coal, the petrographic constituents must be considered. 
Anthraxylon or vitrain in high-volatile and low-rank coals is almost completely (95 
to 98 per cent) liquefied. Splint coals give comparatively low liquefaction yields 
(60 to 87 per cent in those tested). Fusain is the least reactive constituent and gives 
very low yields. Some caiinel and boghead coals that are low in fusain and opaque 
attritus may be suitable. 

In general, splint coals should be avoided. Fusain usually can be eliminated to a 
considerable extent by dedusting or cleaning the coal. 

Usually the lower rank coals are more readily and more completely liquefied than 
the higher rank coals. This tends to offset the disadvantage of high moisture char¬ 
acteristic of the low-rank coals. The yields for various suitable coals in this process 
are roughly proportional to the heating values of the coal as received. The yields of 
tar acids are appreciably greater with lower rank coals. 

Mineral matter in coal for hydrogenation may have other disadvantages in addition 
to its direct detrimental effect on displacing coal in the processing, as removal of the 
mineral matter has been found to result in the removal of an equal weight of oil. 
The composition of the mineral matter in coal for hydrogenation may also be a factor. 
Some mineral matter may act as a negative catalyst and require chemicals to neutral¬ 
ize the effect. A high calcium content may contribute to the formation of deposits in 
the converters. Acidity and chlorine content of the coal also affect the quality and 
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type of chemicals added. Actual tests are usually needed to measure the extent of 
these influences, which arc seldom serious. 

Sulphur content and ash-fusion temperature are of, little consequence in the coal- 
hydrogenation process. 

As Affecting Gasification. The requirements for gasification coal to produce 
hydrogen are the same as for the production of synthesis gas, except that the sulphur 
content is of less importance, as gas purification is optional and, when used, would 
not be carried to the low concentration of sulphur compounds required for the syn¬ 
thesis process. 


Table 8-9. Liquefaction Yields of Ranks and Types of Coal and of Their Petrographip 

Constituents^ 


Liquefaction Yields 
Per Cent by Weight of Dry, 


Rank, Type, or Petrographic Constituent Ash-free Coal, Usual Range 

Anthracitic rank. . . Less than 70 

Bituminous low-volatile rank . . 70-90 

Bituminous medium-volatile rank .... 75-95 

Bituminous high-volatile and aiibbituminous ranks 85-96 

Lignitic rank. . . 90-97 

Bright-coal typo below medinni-volatile rank. . . 85—97 

Splint and semisplint coal types. . . 65-85 

Canncl and boghead coal types . . . 70-98 

Translucent anthraxylon, translucent attritus, spore exines, and algae remains... 95-98 

Resins. 98-100 

Opaque attritus . . 40-80 

Fusain . . . ... .. . .... 10-50 


1 Fieldner, Dr. Arno Henry H. Storch, and Lester L. Hirst, Bureau of Mines Research on 
the Hydrogenation and Liquefaction of Coal and Lignite, U.S. Bur. Mines Tech, Paper 666, p. 42, 1944. 


Cost of Synthetic Gasoline 

While cost estimates are constantly being revised as research progresses, in 1947 the 
U.S. Bureau of Mines reported that 

In contrast to the rising cost of discovering natural crude oil, progress made by the 
Bureau of Mines and other organizations in synthetic liquid fuels work has indicated pro¬ 
duction costs considerably lower than previously anticipated. It is estimated that gasoline 
can be produced from natural gas for 5)^ to 7 cents and from coal or oil shale for 7j^ to 
93^ cents per gallon. These figures are only a few cents higher than the present estimated 
cost of gasoline from petroleum. At the present rate of progress, synthetic production 
of petroleum products on a commercial basis is possible within a few years. 

However, the Bureau of Minos added, ‘‘The replacement by synthetic processes 
of any large segment of production from natural crude will require many years of 
conversion and construction.^' 

Doherty estimates costs from gas synthesis at about 12.4 cents per gallon of total 
products; from hydrogenation as low as 12.6 cents depending upon adjustment of 
yield. In the hydrogenation field, he estimates that heavy oil could be produced for 
about 10 cents per gallon or a high percentage of aviation gasoline (89 per cent) and 
aviation base stock for 15.5 cents. These figures include all costs with annual depre¬ 
ciation of 6% per cent but do not include return on the investment such as interest 
and profit. No credit has been taken for by-products. 

Thus far, all such estimates seem to assume a heavy governmental or other sub¬ 
sidy. 

MISCELLANEOUS LIQUID FUELS 
Alcohol from Wood and Farm Products^ 

Since wood consists of approximately 60 to 80 per cent of carbohydrates (40 per 
cent alpha cellulose), it provides the most concentrated and satisfactory celluosic raw 

» Motor Fuels from Farm Products, U.S. Dept. Agr. Misc. Pub., 327, p. 109, 1938. 
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material. It is significant that the published reports of the wood-conversion processes 
indicate a total possible recovery of the various products in excess of 100 per cent of 
the original raw‘material for a complete process. Estimates of alcohol recovery vary 
widely with the process and method of operation but are reported as high as 90 gal per 
long ton of dry wood. The lignin recovered still finds little commercial use, being 
largely coked. It will have to have considerable value in order that the process may 
have any chance of economic success. The fermentable sugars have been used as a 
source of alcohol or yeast. Softwood is said to yield a higher percentage of ferment¬ 
able sugars than hardwood, the total sugar, however, produced by any method being 
approximately the same. The unfermentable sugars arc used as a stock feed or as a 
source of lactic or acetic acids. In summation, wood waste, if available at a nominal 
cost, might be able to compete with agricultural crops as a source of alcohol and by¬ 
products. However, assuming a growth of 1 cord per acre each year, the financial 
return per acre would be far below that of grain, without considering by-produ(!ts, 
which in the case of corn are now of greater value than wood by-products. 

Utilization of Farm Wastes. Cornstalks, straws, nutshells, and similar cellulosic 
materials, generally referred to as farm wastes, might be substituted for wood in the 
manufacture of alcohol by the hydrolyzation processes, as these materials have the 
same essential constitution as wood. Table 5-18 shows the estimated amounts of 
cellulosic crop wastes annually produced in the United States and the amount available 
to industry. The total waste for all crops is estimated to be approximately 260 
million tons annually. On this basis, at 30 gal of alcohol per ton, the material would 
produce 7.8 billion gal of alcohol a year. A profitable use for the by-product lignin, 
which may equal or exceed the amount of cellulose present, would have a favorable 
effect on the economic success of these processes. 


Table 8-10. Alcohol Yield from Various Agricultural Products^ 


Material 

Weight, 
Ib/cu ft 

Avg yield 99.5 per 
cent alcohol, gal 

Residual solids 

Per ton 

Per acre 

Per cent 

Lb/ton 

Wheat (all varieties) .... 

48 2 

85 0 

33 0 

26 9 

538 

Corn. . 

45 0 1 

84 0 

88 8 

22 3 

446 

Buckwheat 

38 6 

83 3 

34 2 

25 0 

500 

Raisins. ... 

62 5 1 

81 4 

101 7 

8 3 

166 

Grain sorghum 

45 0 

79 5 

35.5 

24 4 

488 

Barley 

38 6 ; 

79 2 

47.9 

32 3 

646 

Rye ... 

45 0 

78 8 

23.8 

27.1 

542 

Molasses, blackstrap 

87 9 

70 4 

45 0 



Oats . 

25 7 

63 6 

36 3 

42 3 

846 • 

Potatoes. 

48 2 

22 9 

1 178.0 

3 8 

76 

Sugar beets 

48 2 

22 1 

287 0 

5.0 

100 

Sugar cane (Louisiana) 


15 2 

268 0 



Grapes 

38 6 

15 1 


3.8 

76 

Apples.. . ... 

38 6 

14 4 

140 0 

2 0 

40 

Pears .... 

40 2 

11 5 

49 3 

1 7 

34 

Carrots 

40 2 

9 8 


3 8 

76 

Sweet potatoes . 

44.2 

34 2 

1 141.0 

4.6 

92 

Sugar cane (Hawaii) 18 to 22 months.. 



889.0 




1 Motor Fuels from Farm Products, U.S. Dept. Agr. Miec. Pub. 327, pp. 27, 28, 1938. 

Waste Sulphite Liquors from Paper-pulp Mills^ 

The liquor obtained as a waste product in the pulping of wood by the sulphite 
process contains from 2 to per cent of sugars, about 65 per cent of which is ferment- 

1 Motor Fuels from Farm Products, U.S. Dept. Agr. Miac. Pub. 327, pp. 110-111, 1938. 
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^ble to alcohol. Before such a liquor can he fermented, the sulphur dioxide, as well 
as the acetic and formic acids contained in it, must be neutralised, usually with lime 
or calcium carbonate. A special type of yeast which has been acclimated to the 
sulphite liquors is generally used as the fermenting agent. The fermentation requires 
from 60 to 90 hr and yields a quantity of alcohol equivalent on the average to 1 per 
cent of the volume fermented. The difficulty is the cost of evaporation, as there ar^ 
about 2,100 lb of solids in 2,000 gal of waste water per ton of pulp. 

The sulphite pulp-cooking method is somewhat analogous to the Scholler dilute-acid 
wood-conversion process, except that the former effects only minor decomposition 
of cellulose. It is estimated that the waste liquor from 1,000 kg of cellulose (repre¬ 
senting eight to ten times the weight of the cellulose) contains 644 kg of lignin and 311 kg 
of carbohydrates, together with 425 kg of lignosulphonic acid, calcium salts,, proteins, 
resins, etc. The carbohydrates are mostly sugars and occur somewhat as follows: pen¬ 
tosans, nonfermentable (arabinose), 26.9 per cent; mannose, 15.6 per cent; galactose, 8.1 
per cent; glucose, 49.4 per cent. Yields of 15 gal of 95 per cent alcohol per ton of 
sulphite pulp have been reported. It is also possible to recover sulphur dioxide and 
residual organic fuel. 

The process of utilizing this material has never been employed to any great extent 
in the United States, although one plant was reported (1938) to be fermenting paper- 
mill liquor in combination with molasses. If the processing of cellulose farm wastes 
for paper becomes successful, the waste liquors therefrom might be suitable for alcohol 
recovery in the same manner as sulphite liquor from wood pulp. 

Sulphite-liquor Alcohol in Sweden. Sulphite liquor is an important source of 
industrial alcohol in the Scandinavian countries and in Germany (prewar data). It 
is estimated that 18 plants in Sweden were using this process as far back as 1930. 
In 1936, about 25,351,000 liters (6,698,000 U.S. gal) of 100 per cent ethyl 
alcohol were produced from sulphite liquor in Sweden. About 16,000,0001 (4,227,000 
U.S. gal) of this were blended in motor fuels under the name Lattbentyl. Some 
alcohol is also produced from potatoes in Sweden. There the use of alcohol as a fuel 
for government-owned motor vehicles has been compulsory since 1934. 

Light Oils from By-product Coke Ovens' 

The properties of the important constituents of light oils from by-product coke 
plants are as shown in Table 8-11. 

Crude by-product light oil has a specific gravity of 0.85 to 0.88 and weighs 7.0 to 
7.3 lb per gal. It has a calorific value of 145,000 Btu per gal, and 3.6 Btu are required 
to heat 1 gal 1°F. 

The yield of light oils shows a direct proportionality to the volatile content of the 
coal, which is approximated by the formula 

Gal of light oil/ton of coal = 0.14(1^ — 8.5) 
where V = volatile content of coal 

For a given coal, light oil yield increases with temperature of carbonization up to 
1650°F, beyond which the yield drops. The composition of the light oil also changes, 
the percentage of benzene increasing with temperature, while the percentage of 
toluene increases to a maximum of 1475°F and then drops. 

Efficiency of recovery, which depends upon many factors of plant construction, 
condition, and operation, may seriously affect light oil yield, so that any prediction 
of yield based on coal quality alone must be used with care. 

Benzols are widely used as solvents for fats, waxes, gums, and resins and hence 
have m|iny applications in the manufacture of cleansers, paints, insulating vamijishes, 

1 Ess, T. J., The Modern Coke Plant, Iron Sled Engr,^ January, 1948, p. C-32. 
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waterproofing materials, plastics, and synthetic rubber. Pure benzol is the base from 
which many drugs, insecticides, dyestuffs, and explosives are made. 

Toluol is used in rubber and paint manufacture and in the manufacture of the 
explosive TNT. Pure toluol is the base from which saccharin, many dyestuffs, and 
perfumes are prepared. 

Naphthalene is used as an antiseptic and insecticide, and it is the base from which 
many dyestuffs are prepared. It is also used in the manufacture of sulfa drugs and 
plastics. 


Table 8-11. Properties of Light Oils from By-product Coking^ 


Constituents. 

Benzene 

Toluene 

Xylene 

Naphthalene 

Composition crude light oil, per cent. 

56 

16 

9“ 

8^ 

Formula. 

CoHf, 

CvTTs 

CsHio 

CioHn 

Molecular weight... ... 

78 

92 

106 

128 

Sp gr, 62«F. 

0 868 

0.857 

0 857 

1 15 

Boiling point (atmosphere), deg F . 

176 

230 

282 

422 

Increase in boiling point, dog F/m. Hg 

0 61 

0 66 

0 74 

0 83 

Lb/cu ft vaiior (60°F, 30 in. Hg)... 

0 209 

0 244 

0 281 

0 339 

Btu/lb of liquid ... 

17,930 

18,270 

18,410 

17,460 

Btu/gal of liquid... 

132,100 

132,600 

133,500 

167,300 

Btu/cu ft of vapor .. 

3,780 

4,500 

5,210 

5,910 

Specific heat ... . 

0.419 

0 44 

0 383 

0.314 

Heat of vaporization, Btu/lb... 

167 

150 

140 



1 Iron Steel Eng , 1948. 

« Includes lislit solvent naphtha. 

** Includes heavy hydrocarbons. Remaining content of crude light oil includes wash oil (6 per cent) 
and acid washing loss (5 per cent). 


Coal Tars^ 

Coal tar varies greatly in composition and may be classified according to its method 
of production as retort-gas tar and oven-gas tar. 

Retort-gas Tar. This tar is obtained as a condensation product in the hydraulic 
mains, scrubbers, or condensers in the manufacture of coal gas. It is less fluid and 
contains less of the lighter hydrocarbons, more naphthalene, anthracene, and their 
accompanying oils amd more free carbon than tars from other sources. In general, 
the lower the carbonization temperature of any coal, the more fluid the tar and the 
lower its carbon content. Retort-gas tar contains 20 to 40 per cent of free carbon 
and yields on distillation from 50 to 75 per cent of pitch, or, if the distillation is carried 
all the way, 45 to 65 per cent of coke. 

Oven-gas Tar. This material is obtained in the distillation of coal in by-product 
ovens. It is similar to retort-gas tar, except that it is more fluid. It contains more 
of the hydrocarbons and considerably less free carbon, which latter usually runs from 
12 to 20 per cent. The composition changes, of course, with the coal, type of oven, 
and coking temperature. 

By-product Coal Tar^ 

By-product coal tar is a black, rather thick and viscous liquid at ordinary tempera¬ 
tures, with a specific gravity of 1.15 to 1.21. It usually becomes semisolid at about 
30®F. Tar is a very complex mixture containing some 300 compounds. In its crude 
state it is used as a fuel and for road dressing, but by refining it is made to yield many 
important products. 

1 Mantbll, C. L., “Industrial Carbon/' 2d ed. pp. 226-229, D. Van Nostrand Company, Inc., 
New York, 1946. „ 

a Ess, T. J., loc. cit. 







MISCELLANEOUS LIQUID FUELS 


A typical tar refines somewhat as shown in Tables 8-12 and 8-13. 

Table 8-12. Fractional Products of Table 87 I 8 . Typical Analysis of Tar 
Coal Tar DistUled to 662®F 


Product Per Cent Fixed carbon, per cent. 84-91 

1 OR nAT> #iAnf ^ R—Q 


Water. 

.. 1.26 

Hydrogen, per cent .. 

* 5-9 

Light oil (221-338®F). 

. 1.20 

Oxygen, per cent,. .. 

. 2-7 

Carbolic oil (338-445°F)... 

9.48 

Sulphur, per cent .. . 

0.3-1.0 

Creosote oil (445-517®F)... . 

. 10.08 

Nitrogen, per cent. 

. ... 0.6-1.3 

Anthracene oil (617-660°P’). . 

. 21.71 

Sp gr. 

. 0.96-1.26 

Pitch (at 660°F). 

. 56 28 

Btu (high). .. . . 

. 17,300-16,000 


Total.100.00 


Each of these fractions may then be further rectified for the production of many 
products. 

Coal tar weighs 9.6 to 10.0 lb per gal and has a calorific value of 155,000 to 165,000 
Btu per gal. It requires 4.8 Btu to raise 1 gal 1°F. 

Water-gas Tar. The tar obtained from carbureted-water-gas manufacture differs 
mainly from coal tar in the entire absence of tar acids and ammoniacal liquor, and in 
the small amount of free carbon present, which is usually less than 2 per cent. Water- 
gas tar on distillation yields from 35 to 60 per cent of pitch, or, if carried further, 20 to 
40 per cent of coke of the weight of the dry tar. 

Pintsch, or Oil-gas Tar. This material comes from the manufacture of oil gas. 
It is similar to water-gas tar but contains much larger amounts of free carbon, fre¬ 
quently 25 to 30 per cent or even more. 

Uses of Low-temperature Tar. Coal tar can be burned with equipment suitable for 
heavy fuel oils if heated to reduce the velocity sufficiently and to aid atomization. 

The low-boiling distillates, owing to their ^^unsaturated’^ characteristics, form a 
satisfactory fuel, with a marked degree of antidetonation; the middle or ‘^neutral” 
oils are suitable for combustion in diesels and are so used in Europe. Starting is 
likely to be somewhat difficult. 

Pitcfai 

Pitch is the residue obtained in the distillation of coal tar after all the light oils, 
intermediate fractions, and heavy oils (creosotes, anthracene, etc.) have been distilled. 

Pitches may be classified, according to their melting points, into (1) those which 
are soft at ordinary temperatures and easily melted, (2) those which are midway 
between soft and hard, and (3) those which are hard and require a much greater 
amount of heat to convert them to a liquid condition. This division is purely arbi¬ 
trary. Soft pitches run from melting points of 50 to 70°C, medium from 70 to 90°C, 
and hard pitches from this point to 140°C or higher. Over a wide range of melting 
points, the free carbon content and the coking value will increase with the melting 
point of the pitch. The same holds true for viscosity. Neither of these generaliza¬ 
tions applies, however, over small ranges of melting points. 

Pitches are made by three methods of distillation: 

1. Tar is distilled to a hard ^^core^^ pitch of high carbon content and with high 
melting point (150°C or higher) and then ‘^cut back^^ with tar distillates to give a 
pitch with the required melting point. 

2. Tar is distilled to the required melting point under vacuum by the use of steam 
in the still. The steam assists in removing the high-boiling oils and helps to prevent 
the deposition of coke on the sides of the still. 

3. Tar is distilled in direct-fired horizontal stills carrying on the process without 
steam or vacuum and letting the products of distillation pass off under the pressure at 
which they were generated. 

1 Mantbll, C. L., loc. cit., pp. 227-229. 
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Pitch is normally about two-thirds of the weight of the tar from which it was 
distilled. Its physical character is mainly dependent upon the temperature employed 
in distillation, but its ultimate chemical analysis is governed by the tars used in its 
manufacture and the quality and composition of the coals from which the tars were 
produced# 

Pitch is commonly shipped in boxcars. It is in the sizes in which it was removed 
from the stills and must be given a preliminary crushing in a roll or gyratory crusher. 

Electrolytic Pitch. This material is the result of the partial distillation of tar, in 
which only the lighter fractions are driven off. It is semifluid at ordinary tempera¬ 
tures, and its properties are intermediate between those of tar and pitch. It is higher 
in free carbon and has a higher viscosity than tar. For a number of years, it was used 
in some localities for making molded carbons but is no longer produced in large 
quantities. 

Summer Oil 

Summer oil is a crude petroleum oil from which only the lighter fractions have been 
distilled. It is often admixed with pitches to produce a more plastic; mix and lessen 
its binding power. It is used as a constituent in the mix of extruded carbons as it 
cuts down the pressure necessary for extrusion. 
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Table 9-1. Molecular Symbols of Some Hydrocarbons 


Symbol 

Hydrocarbon 

Symbol 

Hydrocarbon 

Symbol 

Hydrocarbon 

CH 4 . 

Methane 

C6H12... 

Pentane 

C9H20. . . 

Nonane 

CaH*.... 

Acetylene 

CaHe. . . . 

Benzene 

CioHs. . . 

Naphthalene 

C 2 H 4 . . .. 

Ethylene® 

CeHia... 

Methyl cyclopentane 

C10H14.. 

Cyinene 


Ethane 

C6H14... 

Isohexane 

C10H16 . 

Turpentine 

C8H4. • . . 

Allylene 

CeHii. . . 

Hexane 

C10H18... 

Decalin 

CaHa. . . 

Propylene® 

CtHs. .. . 

Toluene 

C10H22.. 

Decane 

CaHs.... 

Propane® 

C7H14... 

Methyl cyclohexane 

CiiHio .. 

Amyl benzene 

C4H8. . . 

Butadiene 

C7H16. . . 

Heptane 

CiaHio... 

Diphenyl 

C4H8. . . . 

Butylene 

CsHs. ... 

Styrene 

C12H26 . 

Dodecane 

C4H10.. . 

Butane® 

ChHio. . . 

Ethyl benzene 

C13H12 . 

Diphenyl methane 

CeH*.... 

Isoprene 

CsHia. . . 

Octane 

C14H10 .. 

Anthracene 

CsHio.... 
CsHio.... 

Pentylene 

Amylene 

C9H12. . . 

Propyl benzene 

C14H14... 

Butyl benzene 


«Illuminants. 


Table 9-2. Correction Factors for Gas Volume 

The volume, as measured moist at the barometric pressure and known temperature, is multiplied by 
the appropriate factor shown in the table, to reduce to volume of saturated gas at 30 in. Hg and 

60‘»F 


Absolute pressure, in. Ilg 


deg F 

28.4 

28.6 

28.8 

29.0 

29.2 





30.2 

30.4 

30.6 

32 

1 012 

1.019 

1.026 

1.033 

1 040 





1 076 

1 084 

1 091 

34 

1 007 

1 014 

1 021 

1.029 

1.030 

1 043 

1 050 

1 057 

1 064 

1 071 

1 079 

1 086 

36 

1.003 

1 010 

1 017 

1 024 

1 031 

1.038 

1 045 

1.052 

1 059 

1 067 

1 074 

1 081 

38 

0.998 

1.005 

1.012 

1.019 

1.026 

1.033 

1.040 

1 047 

1.055 

1.002 

1.069 

1 076 

40 

0.993 

1 000 

1 007 

1.014 

1 021 

1 028 

1.036 

1 043 

1.050 

1 057 

1 064 

1 071 

42 

0 989 

0 996 

1.003 

1.010 

1 017 

1.024 

1 031 

1 038 

1.045 

1.052 

1.059 

1 066 

44 

0.984 

0.991 

0 998 

1.005 

1.012 

1.019 

1.026 

1 033 

1 040 

1.047 

1 054 

1 061 

46 

0 979 

0 986 

0 993 

1.000 

1.007 

1.014 

1.021 

1.028 

1.035 

1 042 

1 049 

1 056 

48 

0 974 

0.981 

0.988 

0.995 

1.002 

1.009 

1.016 

1.023 

1 030 

1.037 

1.044 

1 051 

50 

0 970 

0 977 

0 983 

0 990 

0 997 

1 004 

1.011 

1.018 

1.025 

1 032 

1 039 

1 046 

52 

0 905 

0 972 

0 979 

0 986 

0 992 

0.999 

1.006 

1 013 

1.020 

1.027 

1 034 

1 041 

54 

0 960 

0 967 

0 974 

0 981 

0 988 

0 994 

1 001 

1 008 

1 015 

1.022 

1 029 

1 036 

56 

0 955 

0 902 

0.909 

0 976 

0 983 

0 990 

0.996 

1.003 

1.010 

1 017 

1 024 

1 031 

58 

0.950 

0.957 

0.964 

0.971 

0.978 

0.985 

0.991 

0.998 

1.005 

1.012 

1.019 

1 025 

60 

0 946 

0 953 

0 959 

0.966 

0.973 

0.980 

0 986 

0 993 

1.000 

1.007 

1 013 

1 020 

62 

0 941 

0.947 

0 954 

0 901 

0 968 

0 974 

0 981 

0.988 

0 995 

1 002 

1 008 

1 015 

64 

0 936 

0,942 

0 949 

0 956 

0.963 

0.969 

0 976 

0 983 

0 990 

0 996 

1 003 

1 010 

66 

0 931 

0.937 

0 944 

0.951 

0.958 

0 964 

0.971 

0.978 

0.984 

0.991 

0.998 

1 004 

68 

0 926 

0.932 

0 939 

0.946 

0.952 

0.959 

0.966 

0.972 

0 979 

0.986 

0.992 

0 999 

70 

0.921 

0.927 

0.934 

0 941 

0.947 

0.954 

0.961 

0.967 

0 974 

0 981 

0 987 

0 994 

72 

0 915 

0 922 

0 929 

0 935 

0 942 

0 949 

0 955 

0 963 

0 968 

0 975 

0.982 

0 988 

74 

0 910 

0 917 

0 923 

0 930 

0 937 

0.943 

0.950 

0.956 

0.963 

0 970 

0.976 

0 983 

76 

0 905 

0 911 

0 918 

0.925 

0 931 

0 938 

0.944 

0.951 

0.957 

0.964 

0 971 

0 977 

78 

0.899 

0 906 

0 913 

0.919 

0.926 

0.932 

0.939 

0.945 

0.952 

0.958 

0.965 

0 972 

80 

0.894 

0.901 

0.907 

0 914 

0 920 

0 927 

0.933 

0 940 

0 946 

0.953 

0 959 

0 966 

82 

0 888 

0 895 

0 901 

0 908 

0.914 

0.921 

0 927 

0 934 

0 940 

0.947 

0 953 

0 960 

84 

0 883 

0 889 

0 896 

0 902 

0.909 

0.915 

0.922 

0 928 

0 935 

0 941 

0 948 

0 954 

86 

0 877 

0 883 

0 890 

0.896 

0.903 

0.909 

0.916 

0.922 

0.929 

0 935 

0 942 

0 948 

88 

0.871 

0.878 

0.884 

0.890 

0.897 

0.903 

0.910 

0.916 

0.923 

0.929 

0.936 

0 942 

90 ' 

0.865 

0.872 

0 878 

0 884 

0.891 

0.897 

0.904 

0.910 

0 917 

0.923 

0 929 

0 936 

92 

0 859 

0 806 

0 872 

0 878 

0 885 

0 891 

0.898 

0 904 

0 910 

0 917 

0 923 

0 929 

94 

0 853 

0.859 

0.866 

0.872 

.0878 

0 885 

0.891 

0 808 

0 904 

0 910 

0 917 

0 923 

‘ 96 

0.847 

0.853 

0.859 

0 806 

0.872 

0 878 

0 885 

0 891 

0 897 

0 904 

0 910 

0 916 

98 

0.840 

0.847 

0.853 

0.859 

0.866 

0.872 

0.878 

0 885 

0 891 

0.897 

0.903 

0.910 

100 

0.834 

0.840 

0.840 

0.853 

0 859 

0 865 

0.871 

0.878 

0 884 

0 890 

0 897 

0.903 
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Table 9-3. Characteristics of Gaseous Fuels^ 


Fuel 

Source 

Avg compositiono 

' High heat 
value, 
Btu/cu ft 

Remarks 

Blast-furnace gas.... 

By-product of 
iron making 

58% Ns; 27% CO; 12% 
COs; 2 % Hs; some CH 4 

90-100 

Good fuel when cleaned. 
Used mainly at source 

Butane. 

Refinery by¬ 
product and 
in casing¬ 
head gas 

C 4 H 10 (usually has some 
butylene C 4 H 8 and pro¬ 
pane CsHs) 

3,200-3,260 

Liquefies under slight 
pressure. Sold as a 
liquid 

Casing-head gas. 

First fraction, 
oil wells 

Varies. Mostly pro¬ 
pane and butane 

1,200-2,000 

Used mostly in oil 
fields 

Carbureted water gas 

Manufactured 
from coal oil 
enriched 

35% H2;34% CO; 15% 
CH4;13%C2H4;2%N; 
1 % CO 2 

500-600 

Good fuel but usually 
costly. At least part 
of most city gas 

Coke-oven gas ... 

By-product 
coke ovens 

48% Ha; 32% CII 4 ; 8% 
Ns; 6% CO; 3% C 2 H 4 ; 
2% COs; 1% Os 

500-600 

Good fuel when cleaned. 
Often used at source 

Natural gas. 

Gas wells 

Varies. Mostly CH 4 , 
CsHe, CsHg 

950-2,200 

Ideal fuel piped to 
point of use 

Oil gas. 

Manufactured 
from petro¬ 
leum 

54% Hs; 27% CII 4 ; 
10% CO; S% Ns; 3% 
COs; 3% C 2 H 4 

500-550 

Used on West coast, 
often mixed with coke 
oven 

Producer gas. 

Manufactured 
from coal, 
coke, wood 

59% Ns; 22% CO; 11% 
Hs; 6% COs; 2% CH 4 

135-165 

Requires cleaning 

Propane. 

By-product of 
gasoline 

CsHg 

2,500 

Liquefies under low 
pressure. Sold as 
liquid 

Refinery gas. 

By-product of 
petroleum 
processing 

Varies, mostly butane 
and propane 

1,200-2,000 

Used mainly at refin¬ 
eries. Some is piped 

Sewage gas. 

Sewage-dis¬ 
posal plants 

65% CH 4 ; 30% COs; 

2 % Hs, 3 % Ns; traces 
of Os, CO, HsS 

600-700 

Many disposal plants 
meet all power needs 
with this fuel 


1 “ Ilaui'k Industrial Combustion Data,” p. 57, Hauck Mfg. Co., Brooklyn, N.Y., 1944. 

Analyses shown are intended as a guide only. More accurate and individualized analyses will be 
found under the respective gas descriptions. 


Table 9-4. Comparison of Heat Value of Various Gases and Combustible Mixtures 



Water 


Oven 

Natural 

1 Producer gas 


gas 


gas 

gas 

Anthracite 

Coke 

Bituminous 

Air required/cu ft gas (air-gas 
ratio). 

4.60 

31.1 

4 41 

10 68 

•1 12 

1.03 

1.24 

Cu ft combustion prodiicts/cu ft 
of gas . . 

5.29 

33.6 

5.11 

11 96 

1.90 

1 85 

2.07 

Btu content of gas (1 cu ft): 

Gross (hot). 

550 

3.353 

511 

1,134 

151 

137 

156 

Net (cold). 

508 

3,102 

456 

1,025 

142 

132 

148 

Btu content of quantitative mix 
leu ft; 

Gross (hot). 

98 

105 

94 

97 

71 

68 

70 

Net (cold). 


97 

84 

88 

68 

64 

66 

Btu content of combustion prod¬ 
ucts 1 cu ft: 

Gross (hot). 

104 

100 

100 

95 

80 

78 

76 

Net (cold). 

96 

92 

89 

86 

75 

75 

71 
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Table 9-5. Properties of Commercial Gases (AGA) 


Gas 

Constituents of gas, per cent by volume 

Sp 

gr 

CO 2 

O 2 

N 2 

CO 

H 2 

CH 4 

C2llfi 

Illuminant 

C 2 H 4 

CflHc 

Natural gas (Birmingham) 




5 0 



90 0 

5 0 



0 60 

Natural gas (Pittsburgh) 




0.8 



83 4 

15 8 



0 61 

Natural gas (southern California) 

0 , 

.7 


0.5 



84 0 

14 8 



0 64 

Natural gas (Los Angeles) 

6 

5 





77 5 

16 0 



0 70 

Natural gas (Kansas City) 

0 

8 


8 4 



84 1 

6 7 



0 63 

Reformed natural gas 

1 

4 

0 2 

2 9 

9 7 

46 6 

37 1 


1 3 

(C3H6O.8) 

0 41 

Mixed, natural, and water gas 

4 

4 

2.1 

4 7 

25 5 

35 1 

23 1 

4 7 

0 2 

0 2 

0 61 

Coke-oven gas. 

2 

2 

0 8 

8 1 

6 3 

46 5 

32 1 


3 5 

0 5 

0.44 

Coal gas (continuous verticals) 

3 

0 

0 2 

4 4 

10 9 i 

54 5 

24 2 


1 5 

1 3 

0 42 

Coal gas (inclined retorts) 

1 

7 

0 8 

8 1 

7 3 

49 5 

29 2 


0 4 

3 0 

0 47 

Coal gas (intermittent verticals) 

1 

7l 

0.5 

8 2 

6 9 

49 7 

29 9 


3 0 

0 1 

0 41 

Coal gas (horizontal retorts) 

2 

4 

0.75 

11.35 

7.35 

47 95 

27.15 


1.32 

1 73 

0 47 

Mixed coke-oven and carbureted 












water gas . 

3. 

,4 

0 3 

12 0 

17.4 

36.8 , 

24 9 


3.7 

1 5 

0 58 

Mixed coal, coke-oven, and car¬ 












bureted water gas . 

1 

8 

1 6 

13 6 

9 0 

42 6 

28 0 


2 4 

1 0 

0 50 

Carbureted water gas 

3. 

0 

0 5 

2 9 

34 0 

40 5 

10 2 


6 1 

2 8 

0 63 

Carbureted water gas 

4 

3 

0 7 

6 5 

32 0 

34 0 

15 5 


4.7 

2 3 

0 67 

Carbureted water gas (low gravity) 

2 

8 

1 0 

5 1 

21 0 

47 5 

15 0 


5.2 

2 4 

0 54 

Water gas (coke). 

5 

4 

0.7 

8 3 

37 0 

47 3 

1 3 




0 57 

Water gas (bituminous)... 

5 

5 

0 9 

27 6 

28 2 

32 5 

4 6 


6!4* 

(Vs' 

0 70 

Oil gas (Pacific Coast) 

4 

7 

0.3 

3 6 

12.7 

48.6 

26 3 


2.7 

1 1 

0.47 

Producer gas (buckwheat anthra¬ 












cite) ... ... 

8 0 

0.1 

50 0 

23 2 

17 7 

1 0 




0 86 

Producer gas (bituminous) 

4 

5 

0.6 

50 9 

27 0 

14 0 

3 0 




0 86 

Producer gas (0 6 Ibstearn/lbcoke) 

6 

4 


52 8 

27 1 

13 3 

0 4 




0.88 

Blast-furnace gas . 

11. 

5 


60 0 

27 5 

1.0 





1 02 

Commercial butane .... 



(C 4 U 10 93.0) 


(CsHs7.()) 



1 95 

Commercial propane. 



(CaHn 100 0) 



1 



1.52 



Cu ft 



Cu ft of products of 
combustion/cu ft of gas 



air re¬ 
quired 
for 
com¬ 
bustion 
of cu ft 

m.i //.I. 





Ultj- 








mate 

Gas 



Water 

vapor 

C02 

N 2 

Total 

per 

cent 

CO 2 


gross 

net 





of gas 


Natural gas (Birmingham) 

9 41 

1,002 

904 

2 02 

1 00 

7 48 

10 50 

11 8 

Natural gas (Pittsburgh) 

10 58 

1,129 

1,021 

2 22 

1 15 

8 37 

11 73 

12 1 

Natural gas (southern Californu.) 

10 47 

1,116 

1,009 

2 20 

1 14 

8 28 

11 62 

12 1 

Natural gas (Los Angeles) 

10 05 

1,073 

971 

2.10 

1 16 

7 94 

11.20 

12 7 

Natural gas (Kansas City) 

9 13 

974 

879 

1 95 

0 98 

7.30 

10.23 

11.9 

Reformed natural gas 

5 22 

599 

536 

1 30 

0 53 

4 16 

5.99 

11 3 

Mixed, natural, and water gas 

4 43 

525 

477 

1 01 

0.64 

3 55 

5 20 

15 3 

Coke-oven gas. 

4 99 

574 

514 

1 25 

0.51 

4 02 

5.78 

11.2 

Coal gas (continuous vertical*.) 

4 53 

532 

477 

1 15 

0 49 

3 62 

5.26 

11 9 

Coal gas (inclined retorts) 

5 23 

599 

540 

1.23 

0 57 

4 21 

6.01 

11 9 

Coal gas (intermittent verticals) 

4 64 

540 

482 

1.21 

0.45 

3 75 

5 41 

10 7 

Coal gas (horizontal retorts) 

Mixed coke-oven and carbureted water 

4.68 

542 

486 

1.15 

0.50 

3 81 

5 46 

11 6 

gas . 

Mixed coal, coke-oven, and carbureted 

4.71 

545 

495 

1.04 

0.62 

3.85 

5 51 

13 9 

water gas. 

4 52 

528 

550 

475 

508 

1.11 

0 87 

0 50 
0.76 

3 71 
3 66 

5 32 
5 29 

11 8 
17 2 

Carbureted water gas . 

4 60 

Carbureted water gas. 

4 51 

534 

493 

0.75 

0 86 

3 63 

5 24 

17 1 

Carbureted water gas (low gravit.,) 

4 61 

549 

501 

0 98 

0.64 

3 70 

5 31 

14.7 

Water gas (coke). 

Water gas (bituminous). 

2 10 

287 

262 

0 53 

0.44 

1.74 

2 71 

20 1 

2 01 

261 

239 

0 47 

0.41 

1.56 

2 74 

18.0 

Oil gas (Pacific Coast). 

Producer gas (buckwheat anthracit.) 

4 73 

551 

496 

1 15 

0 56 

3.77 

5.48 

12 9 

1 06 

143 

133 

0 22 

0.32 

1.34 

1.88 

19 4 

Producer gas (bituminous) 

1 23 

163 

153 

0 23 

0.35 

1 48 

2 05 

18.9 

Producer gas (0.6 lb steam/lb col. ) 

1 OO 

135 

128 

0 17 

0 34 

1.32 

1.82 

20.5 

Blast-furnace gas. 

0.68 

92 

92 

0 02 

0 39 

1.14 

1 54 

25 5 

Commercial butane. 

30 47 

3,225 

2,977 

4 93 

3.93 

24 07 

32.93 

14 0 

Commercial propane. 

23.82 

2,572 

2,371 

4 17 

3 00 

18.82 

25.99 

13.7 


Note; To convert cubic feet of water vapor to pounds, multiply by 0 . 0475 . 


Btu 
not/ 
cu ft 
of 

prod¬ 
ucts of 
com¬ 
bus¬ 
tion 


86 0 
87 0 
87 0 

86 7 
86.0 

89.6 
91 7 

87 0 

90.7 
89.9 
89 0 
89.0 

90.0 

89 3 

96.2 

94.2 
94 3 
96 6 

87.2 

90.5 

70.5 

74.6 

70.3 

59.5 

90.5 
91.2 
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NATXIRAL GAS 

ANALYSES AND CHARACTERISTICS^ 

The generic term natural gas applied to gases commonly associated with petrolif¬ 
erous geologic formations. As ordinarily found they are combustible, but non- 
inflammable components such as carbon dioxide, nitrogen, and helium are often 
present. 

Although natural gas is generally high in methane, certain fields have special com¬ 
ponents. The natural gases from the Appalachian field predomiate in paraffin hydro¬ 
carbons ; the gases from some Kansas, Oklahoma, and Texas wells are high in nitrogen 
and helium; while some Pacific Coast and Rocky Mountain natural gases are high in 
(y02. Some gases contain hydrogen sulphide, in which case the gas is called “sour” 
natural gas. There is also the possibility that organic sulphur may be found. The 
olefin hydrocarbons, carbon monoxide, and hydrogen are not present in American 
gases. 

Natural Gas Not Constant. Natural gas from a given well does not remain constant 
in composition, heating value, or specific gravity over the life of the well. If the gas 
comes into contact with oil or if the well is adjacent to an oil field, it is quite likely 
that heating value and specific gravity will rise as rock pressure decreases with the 


Table 9-6. Typical Natural Gas Analyses ^ 

(Expressed as per cent by volume) 


Source 

CO2 

N2 

CII4 

CalTe 

Sp gr 

Btu/cu ft 

Gross 

Net 

Birmingham, Ala.“ 



5 0 

90 0 

5 0 

0 60 

1,002 

904 

Pittsburgh, Pa « 



0 8 

83 4 

15 8 

0 61 

1,129 

1 021 

Los Angeles, Calif.'*-'’ 

0 

5 


77 5 

16 0 

0.70 

1,073 

971 

Kansas City, Mo.® 

0 

8 

8 4 

84.1 

6 7 

0 63 

974 

879 

Kiefer, Okla.'*. , . 

2 

4 

1.8 

64 1 

31 7 

0 97 

1,272 


Park City, Okla.*’ . 

0 

0 

1.8 

94 4 

3.8 

0 74 

1,076 


Leavenworth, Kans.'’ 

0 

8 

6 3 

88 9 

3 4 

0 62 

964 


Moab, Utah'’ .. 

3 

6 

5.6 

90 8 

0 0 

0 61 

967 


Barron County, Ky.*^ 

2 

5 

1.3 

23 6 

69 7 

1 21 

1,548 


Caddo Parish, La.®.. 

0 

9 

1.5 

97.6 

0 0 

0 75 

1,039 


Abilene, Tex.**.. .. 

0 

0 

4 6 

74 0 

20 6 

0 72 

1,129 


Quanah, Tex.'’. 

0 

2 

5 8 

85 5 

9 1 

0 74 

1,011 


Little Hock, Ark 

1 

0 

2 3 

96 7 

0 0 

0 57 

977 


Los Angeles, Calif.'».«* 

25 

0 

1 3 

59 1 

14 5 

0 88 

843 


Palestine, Ill.'* . ... 

0 

5 

3.9 

95 6 

0 0 

0.58 

966 


Buffalo, N.Y.'* .. . 

0 

0 

0.4 

88.1 

11 5 

0 61 

1,093 


Kansas City, Mo.**. . . . 

0 

8 

8 4 

84 1 

6 7 

0 63 

967 


Charleston, W.Va.'*.... 

0 

0 

0 7 

76.8 

22 5 

0 67 

1,172 


Dry type*. 

0 

2 

0.6 

99 2 

0 0 

0 56 

1,007 

906 

Wet type*. 

1 

1 


87 0 

4 1/ 

0 71 

1,223 

1,109 

Sweet type*. 

0 

0 

2.8 

73 1 

23 8/ 

0 68 

1,166 

1,056 

Sour type* (H 2 S 6.4).. 




58 7 

16 5 / 

0 92 

1,489 

1,359 

Casing-head type*. 




36 7 

14 5 / 

1 29 

2,133 

1,959 


^ Sources: “Gaseous Fuels,” p. 32, AGA, New York, 1948. “Combustion Engineering,” pp. 11-16, 
Combustion Engineering Co., Inc., New York, 1947. 

“ Average as served to city consumers. 

Note difference in analyses from two sources. This could be due either to the different times of 
analyses or to different companies of origin. 

‘’Bending, E. A., “Combustion,” July, 1931. 

** U.8, Bur. Mines Tech. Paper 158. 

•Let, “Geology of Natural Gas,” p. 1075. 
f Also contains appreciable amounts of CsHs, C4H10, and CsHis. 
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depletion of the well. The gas from one well in Clarion County, Pennsylvania, 
showed a specific gravity of 0.644 in 1902 when the rock pressure was 900 psi, but by 
1918 the rock pressure had declined to 80 psi, and the gravity had risen to 0.76. 

Katural-gas Terms. The term '‘dry’^ as applied to natural gas indicates less than 
0.1 gal of gasoline per 1,000 cu ft and *‘weC' more than 0.1 gal per 1,000 cu ft. 

^^SweeC’ and *‘sour^’ are terms applied to indicate absence or presence of hydrogen 
sulphide (H 2 S). The natural gas of commerce is usually dry. 

Table 9-7. The Uses of Natural Gas in 1946^ 


IQnd of use 

Billion 
cu ft 

Per 

cent 

Industrial: 

*■ Oil- and gas-field operations. 

960 

23.6 

Carbon-black production . . 

478 

11.7 

Petroleum refining. . . 

355 

8.7 

Electric public utilities 

307 

7.5 

Cement plants. 

58 

1.4 

Other industrial ... 

1,032 

25.3 

Total industrial 

3,190 

78.2 

Domestic. 

650 

16.0 

Commercial . .... 

237 

5.8 

Total United States consumption 

4,077 

100.0 


1 “ Report on the Natural Gas InvestiRation,” p. 35, Conclusions and Recommendations, Federal 
Power Commission, Docket G-580, April, 1948. 


Table 9-8. Effect of Load Factor on 


Cost of Gas Transmission' 

(Based upon 500-mile pipe line) 


Annual 
load factor, 
per cent 

16-m. line 

24-in. line 

Cents/ 

Mcf 

Per cent 
increase 

Cents/ 

Mcf 

Per cent 
increase 

100 

10.51 


6.97 


90 

11,59 

10,27 

7.47 

10.01 

80 

12.95 

23.22 

8.32 

22.53 

70 

14.70 

39.87 

9.41 

38.59 

60 

17.02 

61.94 

10.87 

60.09 

50 

20.28 

92.96 

12.90 

89.99 

40 

25 17 

139.49 

15.85 

133.43 

30 

33 31 

216.94 

20.90 

207.81 

20 

49.60 

371.93 

31.02 

356.85 


Problems of Lons Distance Transportation 
of Natural Gas,” Federal Power Commission 
Staff Report, Docket G-580, 1947. 


Table 9-9. Effect of Length of Line on 
Cost of Gas Transmission' 

(Assuming 60 per cent load factor operation) 


Length, 

miles 

Average cost, 
cents/Mcf 

Per cent 
decrease 

16-in, 

line 

24-in. 

line 

To 

length 

To 

size 

100 

3.65 

2.37 


35 

500 

17.02 

10.87 

7“ 

36 

1,000 

34 43 

21.97 

6 “ 

36 

1,500 

52 83 

33.88 

4“ 

36 


1 ** Problems of Lone Distance Transportation 
of Natural Gas,” Federal Power Commission 
Staff Report, Docket G-580, 1947. 

° Average of the 16- and 24-in. lines. 


Typical Natural Gases. There is no one composition which might be termed 
**typical natural gas.” Methane and ethane constitute the bulk of the combustibles 
and CO2, nitrogen, and helium the inerts. Most of the natural gas served by utility 
companies will have under 10 per cent of total inerts, the exact amount varying with 
the source. The heating value of natural gas served by a utility company is usually 
between 1,000 and 1,100 Btu although frequently above the latter figure. Ordinarily, 
the ethane content does not exceed 16 per cent. 

Heating Value of Natural Gas. While a rough higher or gross heating value of 
natural gas can be computed by adding together the heat contributed by volumetric 
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percentages of the various simple gas components, this method will usually result in 
a lower value than that obtained by calorimetric determination. This is because the 
higher homologues or unsaturated hydrocarbons are .-frequently grouped and re^rted 
as a part of the ethane without separate identification. 



Fig. 9-1. Consumption of natural gas in the United States by uses, 1920 to 1944, in 
billions of cubic feet (1,000,000,000 cubic feet of gas = 40,000 tons of coal). Minerals 
Yearbook,'' U.S, Bureau of Mines,) 



1920 1925 1930 1935 1940 1945 

Fig. 9-2. Consumption of natural gas in the United States by uses, 1920 to 1945, in per 
cent of volume. {''Minerals Yearbook," U.S, Bureau of Mines.) 

For the same reason, the corresponding density, under standard conditions of 62®F 
and 30 in. Hg, will also be lower as calculated. The calculated Btu per pound, how¬ 
ever, will be close to its actual value, because of the compensating effect of the lower 
calculated density.^ 

Waste of Gas at the Wells. The prevention of waste has always been a problem 
of major importance. One-third of all natural gas is produced in association with oil 

I DE Lorbnzi, Otto, ** Combustion Engineering,*' pp. 11-17, Combustion Engineering Co., Ino., 
New York, 1947. 
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Average price in State, cents per Met 

Fig. 9-3. Relation between the residential use of natural gas and the price of gas, by- 
states, 1946. {Federal Power Commission^ Docket G580.) 




Areas in which nqturol 
gas occurs 




vr \ 7^/ 


Fig. 9 - 4 . Natural-gas pipe lines in the United States. {Federal Power Commission^ 
Docket G580, Exhibit 433 .) 













MANUFACTURED QA8 


259 


and serves as a principal source of energy in bringing the oil to the surface. Lack of 
local markets and difficulty of collecting this gas for distance transmission results in a 
tremendous, though largely undetermined, loss due to “flaring,^’ or blowing from the 
wells. 

It has been estimated that at least 1 billion cu ft of oil-well (casing-head) gas is 
being wasted daily to the air in Texas alone. On this basis, it appears likely that, in 
the Southwest area as a whole, the total wastage may exceed 2 billion cu ft a day. 
This is equal to some 20 per cent of the marketed production of the United States as 
a whole. 

Vigorous methods are now being employed to reduce this loss, including the return 
of the gas to the underground reservoirs in cycling and pressure-maintenance opera¬ 
tions, which should also secure a greater ultimate recovery of oil. 



Year 

Fig. 9-5. Growth of natural-gas pipe-line mileage in the United States. (Federal Power 
Commiesion, Docket G580.) 

Consumption of Natural Gas. Natural gas is used for a wide variety of purposes, 
indicated broadly by Fig. 9-1, which shows trends in the consumption of natural gas 
in the United States from 1920 to 1944. 

The predominance of industrial uses is notable. In 1944, the most recent year for 
which complete data are available, consumption of natural gas amounted to 3.7 
trillion cu ft, of which about 15 per cent was used for such domestic purposes as cook¬ 
ing, water heating, refrigeration, and house heating. Six per cent went into small 
commercial uses, including space heating, baking, restaurant cooking, etc. The 
remaining 79 per cent of the total was used in a host of industrial operations, the 
most important groups being field uses, the manufacture of carbon black, petroleum 
refining, refractories, glassmaking, cement production, generation of electricity, and 
many metallurgical processes. 

While industrial users consumed five times as much natural gas as the domestic 
class, the domestic group contributed 23 per cent more revenue in 1943, as a typical 
year, than was received from industrial sales. 

MANUFACTURED GAS 

PRESENT METHODS OF GAS MANUFACTURE^ 

Fuel gases obtained by carbonizing coal and gasifying the coke have been in estab¬ 
lished commercial use both in the United States and abroad for over one hundred 
years. Commercial processes were also developed for converting oils into gas, in 

‘ ‘‘Prospects for the Production of a Substitute for Natural Gas,” pp. 10-13,' Federal Power Com¬ 
mission Staff Report, Docket G-580, Natural Gas Investigations, May, 1947. 
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order to enrich the gas manufactured from coke and anthracite and to augment its 
supply. These gases have provided a high-quality fuel for many years in large areas 
of the country for uses where the price of the fuel is secondary to the convenience of 
gas service. 

There are now in use in the United States at least seven processes for obtaining 
commercial supplies of manufactured fuel-gas components, five of which yield gas 
suitable for public-utility purposes. ^ Except for certain noncoking bituminous coals, 
lignite, and oil shale, these processes make it possible to use almost any of the mineral 
fuels—coke, coal, oils, and liquefied petroleum gas—as raw materials to manufacture 
fuel gas. 

These methods and raw materials now commercially used to produce manufactured 
gas in the United States may be summarized briefly as follows: 

1. By-product coke-oven gas is produced by the high-temperature carbonization 
of bituminous coal in (a) furnace plants producing metallurgical coke for the iron and 
steel industry and (h) merchant plants producing coke for subsequent gasification 
and for many uses as a smokeless solid fuel. This gas, essentially a mixture of 
methane and hydrogen, has a calorific content of 530 to 540 Btu per cu ft after the 
removal of the oil, tar, ammonia, and other coproducts. The gross yield is about 11 
or 12 thousand cu ft per net ton of coal carbonized. In 1944, one-third of this gas 
was consumed in the plants and the remaining two-thirds of surplus gas was disposed 
of outside the plant. Producer gas may, however, be substituted to heat the ovens, 
in this way releasing more coke-oven gas in accordance with the fluctuating market 
requirements. 

Table 9-10. Gas Produced and Purchased by Manufactured-gas Utilities in 1948, 

by Kind of Gas^ 

(In millions of cubic feet) 



Gas 

produceil 

Gas 

purchased 

Total 

Carbureted water gas" 

310,171 


310,171 

Coke-oven gas . . . 

66,557 

116,118 

182,675 

Retort coal gas . 

Oil and oil-refinery gas . 

9,779 

16,090 

5,621 

9,779 

21,711 

Total. 

402,597 

121,739 

524,336 


i“Gas Facts, 1948,” AG A Bureau of Statistics, New York, 1949. 

Includes reformed natural, oil refinery, and liquefied petroleum gases; and liquefied petroleum and 
natural gases used for enriching. 


Table 9-11. Fuels Used by Manufactured-gas Utilities by Type of Use in 1948^ 

(Solid fuels in thousands of tons; oil in millions of gallons) 



Oven and 
retort 
charge 

Bench and 
producer 
fuel 

Water-gas 

generator 

fuel 

Boiler 

fuel 

Water-gas 

enneher 

Total 

Anthracite. 

53 


272 

265 


590 

Bituminous coal. 

6,462 



491 


7,336 

Coke. 

7 

694 

2,485 

547 


3,733 

Oil. 




61 

1,075 

1,308« 








1 “Gas Facts, 1948,” AGA Bureau of Statistics, New York, 1949. 

« Includes 172 million gal used in oil-gas production. 

1 Straight water gas and producer gas have calorific contents too low to distribute economically for 
public-utility purposes, although they are used as industrial fuel. Blast-furnace gas of still lower 
calorific content is entirely consumed in plant operations and omitted from the commercial supply. 
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2. Blue water gaSi produced by the complete gasification of coal or coke m inter¬ 
mittent or cyclic gas producers is so designated because it is the result of gasifying 
solid fuel with steam (water) and because the gas burns with a blue flame. With coke 
or anthracite the gas, which is essentially a mixture of carbon monoxide and hydrogen, 
has a calorific value of about 290 Btu per cu ft, and the yield is about 50 thousand cu 
ft per ton of anthracite or coke. With a good grade of bituminous coal, the gas has a 
calorific value of about 335 Btu per cu ft and the yield is about 42 thousand cu ft per 
ton of coal. 

3. Carbureted or enriched blue water gas is produced by admixing, to hot blue 
water gas described above, oil gas produced by ''cracking’^ gas oil or heavy fuel oil in 
a highly heated furnace. This enriches the 290-Btu gas to about 530 to 540 Btu per 
cu ft. About 3.1 gal of oil are used per thousand cu ft of enriched gas, the oil adding 
between 50 and 60 cu ft of 1,700-Btu gas per gal carbureted. 



Fi( 3. 9-6. Relation between the use of manufactured gas for house heating and the price 


of gas. 


4. Oil gas is produced by the vaporization and thermal cracking of oils with air or 

steam. One method, known as the Pacific Coast oil-gas process, yields about 1,000 
cu ft of 550-Btu gas from 5.5 gal of heavy fuel oil. * 

5. Producer gas is produced by the complete gasification of coke or bituminous coal 
in a continuous gas producer blown with a mixture of air and steam. This process 
yields about 120 to 160 thousand cu ft of 130-Btu gas per ton of coke, or about the 
same volume of 175-Btu gas per ton of coal. 

6. Reformed natural or oil-refinery gas is produced by thermally cracking a hydro¬ 
carbon gas with steam, usually by passing it through the incandescent fuel bed of a 
blue-gas generator. Depending upon the extent of reforming, the process yields 
from each 1,000 cu ft of hydrocarbon gas feed about 2,000 cu ft of reformed gas (a 
mixture of unchanged natural gas, carbon monoxide, and hydrogen) with an approxi¬ 
mate calorific value of 540 Btu per cu ft (calculated on the basis of one-third of the 
methane being converted to carbon monoxide and hydrogen, one part of methane 
yielding one part carbon monoxide and three parts hydrogen). 
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7. Liquefied petroleum gases, produced from volatile petroleum or natural-gas 
hydrocarbons (propane and butane), are frequently used as pure gases volatilized 
from liquid storage, as in the familiar domestic use of ^‘bottledgas. For commercial 
or city use, they are more frequently mixed with air, or inert gases, or added as a 
cold enrichment to manufactured gases. For propane, the yield is 0.0365 thousand 
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Fig. 9-7. Range of Btu as reported from the various cities in 1944. 



cu ft straight propane gas, with a calorific value of 2,521 Btu per cu ft from each gallon 
of propane. For butane, the yield is 0.0318 thousand cu ft of straight butane gas with 
a calorific value of 3,267 Btu per cu ft from each gallon of butane. 


COKE-OVEN GASi 

Although produced in an analogous manner to retort coal gases, the size of the 
charge, the operating temperatures, and other features of the process are different, 
tending to produce larger amounts of by-products and a more uniform coke. The 
composition of the finished gas is not very different. Tables 9-12 and 9-13 show 
typical analyses of by-product coke-oven gas. 

1 Shnidman, Editor, “Gaseous Fuels," p. 43, AGA, New York, 1945. Ess, T. J., The Modern Coke 
Plant, Iron Sted Engr., January, 1948, p. C-31. 
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Typical operating results for a coke-oven plant using a high-grade Ea^ern coal are 
included in Table 9-14. The coke ovens were fired with producer gas, which had 
been cooled by passage through a waste-heat boiler. , 

Additional material on coke-oven operation is also included in the section on by¬ 
product coke. 

Yield. While the primary purpose of most by-product coke ovens is to produce 
coke for the steel industry and other uses, the gas output from 1 ton of coal may range 
from 9,300 to 11,500 cu ft with an over-all average of about 10,350. High-rank 
Appalachian coals give gas yields roughly proportionate to their volatile content, but 
for coals high in oxygen, the proportionality does not hold. High resin content in the 
coal increases gas yields. Operation and condition of the ovens may cause even 
greater variations. For example, for a given coal, gas yield varies directly with coking 
temperature at a rate of about 1,500 cu ft per ton for each 100°F temperature change. 
Accordingly, no simple factor can be found to serve as a definite indicator of the gas 
yield to be expected from a given coal. 

Composition. C Composition of coke-oven gas from a given oven also varies as 
coking proceeds, being richest at the beginning of the period and gradually thinning 
out toward the end. This is exemplified by the gas analyses in Table 9-15, taken 
from the same oven at various times during the coking period. However, since the 
total gas comes from many ovens at various stages of coking, the actual average gas 
analysis will normally remain quite uniform. 

(Coke-oven gas weighs 0.0285 to 0.0305 lb per cu ft. It has a specific heat of 0.0194 
to 0.0000047< and a specific gravity of 0.34 to 0.040. Its calorific value ranges from 
480 to 580 Btu per cu ft before light oil extraction, and 35 to 45 Btu less after debenzo- 
lization (values from Ess). 

Calorific Value. Calorific value of coke-oven gas varies with the volatile content 
of the coal, as does the specific gravity, but these items are so dependent upon other 
factors that calculations are impractical. 

The total Btu in the gas from 1 lb of coal may run 2,800 to 3,400, increasing with 
the volatile content of the coal and with the temperature of carbonization. The 
average seems to be satisfied by the equation 

Btu in gas/lb of coal = 2,135 -f 29.5F 
where V — per cent volatile in the coal 

More than 3,400 Btu in the gas from 1 Ib of coal indicates excessive degradation of 
tar vapors by high temperatures. 

Sulphur Compounds. There are also sulphur compounds in coke-oven gas, making 
purification essential if the gas is to meet the requirements of metallurgical heating 
processes and the more stringent requirements of domestic use. These sulphur 
compounds consist of hydrogen sulphide, carbon disulphide, etc., and will vary from 
1 to 6 grains per cu ft (raw gas), depending on the amount and character of the sulphur 
in the coal. 

Sulphur in the gas is usually reported in grains of hydrogen sulphide per 100 cu ft 
of gas. Results of a series of tests show the gas carrying a range of 100 to 389 grains 
of H 2 S for 1 per cent of sulphur in the coal. General practice, however, indicates 
that 62 per cent of the sulphur in the coal goes into the coke, the remainder appearing 
principally in the gas. This relationship may be expressed by the straight-line 
formula 

Grains H 2 S/IOO cu ft of gas = 325 {S — 0.15) 
where S = per cent sulphur in the coal 
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Table 9-12. Typical Analyses of By-product Coke-oven Gas 


Source. 

a 

a 

b 

c 

d 

Constituents, per cent by volume: 






Carbon dioxide (CO2) 

2 0 

1.7 

1.6 

1 8 

2 0 

Oxygen (Oj). 

Nitrogen (N 2 ).. .. 

0 03 


0 5 

9 2 

0.4 

4 8 

0 9 

9 0 

3 4 

5 6 

Carbon monoxide (CO) 

5 5 

5.7 

7 8 

6 3 

7 4 

Hydrogen (H 2 ). 

Methane (CH 4 ). 

51 9 

56 7 

51 5 

53 0 

54 0 

32.3 

29 6 

27 0 

31 6 

28.0 

Ethane (CtHe). 


1 28 

1 6 



Hydrogen sulphide (H 2 S) 


0 7 




Illuminants. 

‘ 3*2 

3 1 

1 0 


2.6 

gP gr. 

Btu: 

0 4 




0 38 

Gross... . 

569 




525 

Net .. 

609 




467 


« “Gaseous Fuels,” AGA. 

^ Gkiswold, “Fuels, Combustion, and Furnaces.” 

*• “Combustion Engineering,” Combustion Engineering Co., New York, 1947. 

^ “The Efficient Use of Fuel,” Chemical Publishing Company, Inc., Brooklyn. 


Table 9-13. Typical Analyses of By-product Coke-oven Gas^ 


Constituents, per cent by volume: 







Carbon dioxide . 

1 8 

1 4 

2 6 

3.1 

0.1 

0 75 

Oxygen... ... 

0 2 

0 5 

0 6 




Nitrogen. ... 

3 4 

4 2 

3 7 


2 4 

12 1 

Carbon monoxide 

6 3 

5 1 

6 1 

11 9 

6 8 

6 0 

Hydrogen... . . 

53 0 

67 4 

49 7 

42 2 

27 7 

63 0 

Methane. 

31 6 

28 5 

33 9 

37 1 

50 0 

28 2 

Ethane .... 

2 7 

2.9 

5 2 

4 8 

13 0 


Benzene (C«H6) 

1.0 



0 9 



Density, Ib/cu ft 

0 0300 

0.0265 

0 0318 

0.0359 

0.0393 

0 0302 

Btu/cu ft: 







Higher. 

580 

526 

588 

645 

807 

466 

Lower. 

519 

468 

527 

583 

731 

414 

Btiy'lb: 

Higher. 

19,320 

19,820 

18,500 

17,970 

20,550 

15,420 

Lower .. . 

17,310 

17,680 

16,590 

16,250 

18,600 

13,720 

Atmospheric air," lb/10" Btu 

678 

666 

677 

687 

702 

667 

CO 2 , per cent® 

11 0 

10 0 

11 3 

12 7 

12 3 

9 5 


*“Combustion Engineering,” pp. 25-13, Combustion Engineering-Superheater Corp., New York 
1947. 

® At zero excess air 


Table 9-14. Typical Coke-oven Operations^ 



Yield/ton of 
coal charged, 
14,140 Btu/lb 

Yield, per 
cent by 
weight of 
coal 

Heating value in 
products 

Per cent 
of coal 
Btu 

Per cent 
total Btu 
in fuel 
used 

Coke-oven gas (saturated at 60° F). 

Heat value of gas, Btu . 548 

Tar (16,000 Btu/lb). 

Ammonia. 

Coke (dry). 

Losses (by difference). 

11,315 cu ft 

12 0 gal, 120 lb 

6 3 lb 

1,4001b 

19.00 

6 00 

0 31 

70 0 

4 69 

22 96 

6 79 

0 22 

63 2 

6 83 

20 36 

6 00 

0 20 

56 0 

6 14 

Total . 

Coke used in producers for heating ovens. 

Net coke. ... 

292 lb. 

1,108 lb 

100.0 

100 0 

88 7 

11 3 


Note: AGA cautions that the data in this table are presented merely to show what results were 
obtained under a particular set of conditions and are not intended to be used in comparisons to show 
relative merits of either ovens or retorts. 

^ “Gaseous Fuels,” p. 44, AGA, 1948. 





















WATER QAS 


265 


Table 9-16. Variation in Gas Composition as Coking Progresses^ 


Hr cokinR 

CO 2 

C«H« 

C 2 H 4 

O 2 

CO 

CH 4 

H 2 


Btu/cu ft 

2 

3 30 

1.80 


m 

0.90 

36 65 

42 50 

10.00 

606 

4 

2 30 

1.10 

3 10 


2.90 

34 50 

48.80 

6.70 

570 

6 

2.20 

HEIsH 

2 80 


3.00 

33.60 

50.10 

6.80 

560 

8 

1 40 

0 60 



3 40 

33 65 

53.75 

3.60 

550 


2.30 

0 35 

1.75 


2.80 

31.20 

47 10 

14.30 

485 

12 

1.50 

0 35 

1.85 


4 15 

33 40 

50.65 


525 

15 

1.90 

0.25 

1.80 


3 90 

33 20 

53 40 


525 

19 

1.10 


1.20 


4.70 

26.10 

55.75 


450 


1 Iron Steel Engr., 1948. 


WATER GASi 

1. Blue Gas. Blue gas is produced by the reaction of steam with incandescent 
carbon. The process is intermittent, consisting of alternate blows or blasting periods, 
during which the fuel in the generator is heated by blowing air through it, and runs 
or gasmaking periods during which blue gas is generated by passing steam through 
the incandescent fuel bed. Operation of modern equipment permits reversal of the 
flow of gases through the incandescent bed, resulting in ^‘iiprun’^ and ‘^downrun^^ gas. 

The use for pure blue gas, apart from certain applications in forge welding, is for 
mixing with other commercial gases. It is not commercially made for distribution 
without mixing, although a few large manufacturers produce it for their own plant use. 

Blue gas derives its name from the characteristic color of its flame, which is blue 
because of the high percentage of hydrogen and carbon monoxide. Because of the use 
of steam in its manufacture, it is also known as water gas. 

Table 9-16 shows typi(;al blue-gas analyses. 

Table 9-17 presents operating results for typical water-gas sets. 

2. Carbureted Water Gas. The manufacture of blue gas (water gas) is the first 
step in the making of carbureted water gas. It is produced from the former by 
enriching with oil gas made from gas oil or fuel oil injected (1) into a chamber or 
chambers heated internally bj'’ the combustion of gas formed in the blue-gas generator 
during the run or (2) onto the fuel bed. It is the most widespread of the manufactured 
gases because of the flexibility and economics of equipment and process, for meeting 
the varying demands of the gas load and at the same time providing a low-cost gasifi¬ 
cation process which uses up its generator fuel completely. 

Although illuminants comprise from 8 to 10 per cent of typical carbureted-water- 
gas samples, they are somewhat different in composition from those of coke-oven gas. 
Table 9-16 is based on a recent determination of the Bureau of Mines. 

The gas composition is influenced by the size and type of coal. (As a guide in 
water-gas operation with bituminous coal as a generator fuel, the table in the AGA 
Proceedings^ Carbureted Water Gas Section, for 1926 by W. J. Murdock is of interest. 
This shows the analysis of blast, blowrun, blue, and finished gases and the relation of 
various stages of the cycle to the finished composition.) 

Terzian Factor for Evaluating Oils. The use of a wide variety of oils for carburet¬ 
ing blue gas requires physical and chemical tests for evaluating the oils. Several 
such methods are in accepted use, one of which, the Terzian factor, is outlined here 
as a sample of the general treatment of the evaluation of heavy oils. 

In the development and use of the United Gas Improvement Co, heavy oil process for 
carbureted-water-gas manufacture, numerous plant-scale tests have been conducted 
under varying operating conditions, including varying amounts of blowrun gas, with 

1 Shnidman, L., loc. ciU, p. 44. 
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Table 9-16. Typical Analyses of Blue Gas and Carbureted Water Gas* 



Blue gas 

Carbureted water gas 

Coke 

Bitu¬ 

minous 

coal 

Coke 

Anthra¬ 

cite 

Bituminous coal 

Low- 

gravity 

backrun 

Ileavy- 

oil 

blowrun 

High Btu 

Constituents, per cent by 








volume: 








Carbon dioxide 

5.4 

5 5 

0 9 

3 3 

3 6 

6 0 

0 7 

Oxygen.. 

0 7 

0 9 



0 4 

0 9 

0 3 

Nitrogen. 

8 3 

27.6 

6 8 

4 2 

5 0 

12 4 

5 8 

Carbon monoxide 

37 0 

28 2 

35 0 

31 0 

21 9 

26 8 

11 7 

Hydrogen. . 

47 3 

32 5 

37 4 

38 4 

49 0 

32 2 

28 0 

Methane... 

1.3 

4 6 

8 1 

12 7 

10 9 

13 5 

36 1 

Ethane . . . 



1 3 

1 05 

2 5 



IsoViutane (C4II10) 


0 7 



6 1 

8 2 

17 4 

Butane (CiHio). 



0 0 

0 0 




Butylene (C 4 Hk) 



0 75 

0.45 




Propane (Calls) . 



0 25 

0 1 




Propylene (Callo) 



1 5 

0 9 




Ethylene (C 2 H 4 ) 



6 7 

6 9 




Liquid hydrocarbons 



1 3 

1 05 




Sp gr 

0.57 

0.70 



0 54 

0 66 

0.63 

Btu/cu ft: 



1 





Gross . 

287 

260 

! 


536 

530 

690 

Net.. 

202 

239 



461 

451 

621 


1 Compiled from “Gaseous Fuels,” AGA, New York, 1948. 


Table 9-17. Blue-gas (Water-gas) Plant Operation and Gas Analyses* 



Coke 

Bituminous coal with per cents 
of blast gas 



0 per cent 

10 per cent 

30 per cent 

Generator fuel: 

Lb/Mcf. . 

40 

48 

44 5 

37.5 

Btu/therni . 

13 33 

14 3 

14 1 

13.5 

Btu/lb. 

13,000 

14,000 

14,000 

14,000 

Lb steam: 





Per Mcf. . . 

40 

50 

45 

35 

Per therm 

15 

16.7 

15 

12 6 

Gas: 





Btu/cu ft 

300 

335 

316 

277 

Sp gr, dry basis 

0.54 

0.55 

0.59 

0.66 

Analysts (per cent): 





Carbon dioxide 

5 1 

7 0 

6 7 

6 0 

Illuminants. 

0 0 

1 0 

0 9 

0 8 

Oxygen. 

0 0 

0 0 

0 0 

0 0 

Carbon monoxide 

40.2 

34 4 

33 5 

31 7 

Hydrogen. 

50 0 

48 8 

44 5 

3 58 

Methane. 

0 7 

4.8 

4 6 

4 3 

Nitrogen. . . 

4 0 

4.0 

9 8 

21.4 

Relative gasmaking capacity of water-gas sets, per 





cent . .. . 

100 

i 70-90 

80-100 

100-120 


Note: The generator fuel and steam consumption per 1,000 cu ft of gas made vary with the condition 
of the fire, size of fuel used, kind of fuel, coking or noncoking characteristics (bituminous coal), and 
other variables. Composition of the gas is also affected by these variables. 

»“ Gaseous Fuels," p. 44, AGA, New York, 1948. 
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or without reforming, and the production of gases varying in heat content from 400 
to 700 Btu per cu ft. From a study of these data, it was observed that, for a given 
grade of generator fuel and heavy oil, there is a definite relation between the heating 
value of the gas produced, the oil per 1,000 cu ft, the generator fuel per 1,000 cu ft, 
and the tar produced per 1,000 cu ft and that this relation can be expressed by a 
constant. 

The relation of the Btu, generator fuel per 1,000 cu ft, and oil per 1,000 cu ft, is 
called the “Terzian factor.” 

The formula for the ^'Terzian factor” is 

rp . . ^ K lOF + lOOC 

Terzian factor ^ - 

where F — generator fuel, lb/thousand cu ft 
C = oil used, gal/thousand cu ft 
A = Btu/cu ft of make gas 
K = lOF + lOOC 

The Terzian factor is now used in many plants as an operating-efficiency formula 
for comparison of daily operating results; the smaller the numerical value of the 
factor the better the gasification efficiencies. 

Terzian Plant Constant The relation of the Btu, generator fuel per 1,000 cu ft, 
oil per 1,000 cu ft, and tar per 1,000 cu ft is called the ^‘Terzian plant constant.” 

The formula for the Terzian plant constant is 

rp . T ^ ^ lOF + 100(C - T) 

Terzian plant constant ~ - 

where F = generator fuel, lb/thousand cu ft 
C = oil used, gal/thousand cu ft 
A — Btu/cu ft of make gas 
T — tar produced, gal/thousand cu ft 
Ki = lOF + 100(C - T) 

The Terzian plant constant can be used to check over-all plant results, including 
tar production. The plant constant is generally used to compare results of longer 
periods of operation, since daily figures of tar production are not usually available. 

The Terzian factor and the Terzian plant constant may also be used when using gas 
oil, refinery oil gas, or natural gas. In the latter two cases, the quantities per thou¬ 
sand cubic feet will have to be expressed as therms and used in the formula the same 
as the oil per thousand cubic feet. 

Carbureted Water Gas^ 

Basic Arrangement of Apparatus. The modem water-gas set consists of (1) a 
firebrick-lined generator in which a carbonaceous fuel bed is alternately blasted to 
incandescence by an air jet, and gasified by passing steam through the incandescent 
carbon with the basic reaction, 2C + H 2 O = 2CO + H 2 ; (2) a carburetor of similar 
size, lined with firebrick, with or without checkerbrick, into which oil is sprayed to 
enrich the *^blue gas” from the generator; and (3) a superheater filled with checker- 
brick and heated by the blast to ^^fix” the mixture of gas and carbureted oil. 

There are, of course, multitudinous other auxiliaries which, in about the order 
named, include (1) centrifugal fans for supplying the air blast, (2) boilers for supplying 
the requisite steam, (3) waste-heat boilers for reclaiming heat from the spent blast 

* Newman, L. L., C. C. Wright, and A. W. 'Gauger, “Test Results on the Use of Anthracite in 
Heavy-oil Water-gas operation at the Pottsville Gas Works," Penna. State Coll. Mineral Inde Expt. 
Sta. Bvll. 32, 1941. 



Generotof 


Corburefor superheater 
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gases, (4) wash boxes for removing the tars and other liquid by-products and solid 
impurities, (5) scrubbers for further cleansing, (6) relief holders for the storage of 
freshly made unpurified gas, (7) purifiers for removing sulphur compounds, and, 
finally, (8) storage holders for storing the finished gas until needed in the distributing 
mains. 

General Conditions of Starting and Operating. Water-gas operating technique 
necessarily varies from plant to plant, machine to machine, and fuel to fuel. In the 
event any changes are made, a reasonable period of time should be allowed for adjust¬ 
ment of cycle, rates of air blast, steam and oil input, and methods of charging and 
clinker removal. 

The capacity of water-gas machines is normally limited by the rate and length of 
blast. Excessive blast rates will blow abnormal quantities of fine fuel out of the 
generator; too long a blast may cause an unmanageable clinker. The capacity may be 
increased somewhat by employing reforming and may be increased appreciably by 
the judicious use of blowrun combined with reforming. 

Conditions vary so much from plant to plant that it would be difficult to label any 
set of operating conditions or routine as typical without a very complete discussion 
of gasmaking practices. However, the following is illustrative of the results secured 
by Pennsylvania State College engineers on a 6-ft machine at Pottsville, Pa. 

Example of Operating Routine and General Results. After the fire is cleaned, the 
generator is charged with coal or coke in preparation for the resumption of gasmaking. 
The first blow period is necessarily long as the entire set has cooled during the shutdown, 
or clinker-removal period. After shutdown, the first blow may last for 15 to 20 min. 
After 6 or 7 min of blowing, the carburetor is lighted by inserting a hot rod through the 
sight cock in the top of the carburetor to ignite the generator blast gas. During this 
period, the generator blast valve is opened wide, while the carburetor blast valve is adjusted 
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Table 0-18. Carburete4-water-gas Plant Operation and Gas Analyses (AGA) 



Normal 

operation 

Operating results with a portion of 
the blast gas included in the 
carbureted gas 

Cu ft of blast gas in thousand cu ft of carbureted 





water gas. 

0 

300 

150 

300 

Generator fuel, type. 

Coke 

Bituminous coal 

Generator fuel: 





Lb/Mcf gas made .. 

32 

32 

35 

38 2 

Btu/lb . .... 

12,500 

12,500 

12,500 

12,500 

Enricher fuel: 

Gas oil 




Gal/Mcf gas made 

Gas oil 

Gas oil 

Butane 

2 95 

3 34 

2 95 

2 8 

Btu/gal... 

140,000 

140,000 

140,000 

106,000 

Heating values, Btu/cu ft: 





Carbureted water gas . 

540 

540 

540 

540 

Water gas in carbureted water gas 

300 

333 

333 

333 

Enricher gas. 

1,600 

1,600 

1,600 

3,240 

Blast gas. 


140 

140 

140 

Carbureted-water-gas analysis, per cent: 





Carbon dioxide. 

6 0 

5.8 

6.2 

5.3 

llluminants. 

9 8 

10.5 

9 8 

0 6 

Oxygen 

0 0 

0 0 

0 0 

0.1 

Carbon monoxide 

30 0 

24 0 

26 6 

28 9 

Hydrogen. 

Methane 

40 0 

25 0 

33 3 

31 5 

10 0 

14 4 

12 8 

3 7 

Nitrogen.. 

Butane enricher gas 

4 2 

20 3 

11 3 

20 8 

9 1 

Sp gr of dry gas 

0 61 

0 73 

1 

’ 0 66 

0 79 


Table 9-19. Typical Operating Data and Costs, Carbureted Water Gas^ 

(All cities shown are in Massachusetts) 


Citv 

Make 
water gas, 
Mcf/year 

1 

Cost 
coke/ton 

Cost 
oil/gal 

Lb gen¬ 
erating 
fucl/Mcf 

■ 

Gal 

oil/Mcf 

Cost 

gas/Mcf 


1944 


Athol 

33,767 

7 47 

2 26“ 

0 0768 

33 34 

2 90 

Cambridge 

1,851 

9 53 

0 0490 

17 12 

3 88 

Boston. .. 

14,756.416 

9 19 

0 0684 

29 17 

3 04 

Fall River 

1,149,106 

8 33 

0 0478 

24 6 

3 37 

Gloucester 

130,479 

10 25 

0 0724 

.32 71 

3 05 

Greenfield ... 

139,256 

12 29 

0 0770 

28 63 

2 62 

Haverhill . . 

679,197 

10 30 

0 0489 

17 88 

3 82 

Lowell ... 

798,534 

8 10 

0 0702 

31 31 

3 78 

Brockton. 

953,885 

8 50 

10 33 

0 0099 
0.0460 

21.66 

3 53 


1935 


Athol. 

26,460 

8 53 

0 0523 

27 02 

3 01 

54 5 

Cambridge. 

48,374 

6 50 

0 0450 

38 33 

2 51 

48 6 

Boston . 

476,088 

7 17 

0 0423 

29 50 

3 27 


Fall River. 

244,093 

7 00 

0 0347 

29 38 

3 04 

37 2 

Gloucester. 

120,473 

8 45 

0 0477 

37 06 

2 65 

48 8 

Greenfield_ 

105,530 

10 09 

0 0529 

27 31 

2 75 

46 2 

Haverhill (low) 

639,544 

8 18 

0 0393 

15 58 

3 80 

31 9 

Worcester .. 

1,500,518 1 

8 92 ! 

0 0368 

25 67 

3 51 

36 2 

Brockton 

235,738 1 

7 00 1 

0.0475 

26 60 

2 95 

39 4 

Spencer (high) 

21,232 I 

9 06 1 

0 0492 

46 25 

3 53 

88.6 


* Commonwealth of Massachusetts, Public Utility Coniinission Reports, 1935 and 1944. 

• Screenings. 
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according to the appearance of the blast gases at the stack. If any gas burns near the 
pilot light at the stack, the carburetor valve is opened gradually until the flame disappears. 

When the base of the superheater reaches a temperature of about 1400®F, the first run 
is put on. No backrun is made during the first run, and the full amount of oil is not 
admitted. After a predetermined temperature is reached, the normal operating schedule 
is followed. Again, this varies considerably, but at Pottsville it was about as follows; 

Normal operation started at 1560°F, then: 


Blow . 

Uprun 
Backrun 
Final backrun 
Air purge . 


Min 

2.59-3 09 
1.50 \ 

1.67 > Total runs 3.42 min 

0.25 } 

0.08 


Approximately 60 per cent of the oil required for enrichment was sprayed into the car¬ 
buretor and 40 per cent into the generator during the uprun. When oil was reformed, 
2 gal were admitted to the generator during the first portion of the backrun in addition to 
the enrichment oil admitted during the uprun. The enrichment oil varied from 10 to 
13 gal per run. 

The rate of oil admission is approximately 10 gpm to the carburetor and 5}^ gpm to 
the generator (6-ft machine). 

Steam used during the uprun was from 20 to 30 lb per min and during the backrun from 
36 to 40 lb, depending on the character of the clinker produced from the coal. 


Table 9-20. Typical Heat Balance of Water-gas Set^ 

(Heat above 60°F supplied and accounted for per thousand cubic feet average of 5 tests) 


Item 

Btu 

Per cent 

Heat input: 

By generator fuel: 



Heat of combustion 

379,973 

43 01 

Sensible heat 

38 

0 00 

By gas oil: 



Heat of combustion 

465,938 

52 73 

Sensible heat 

2,536 

0 29 

By steam, total heat 

34,445 

3.90 

By air: 



Sensible heat in dry air 

580 

0 07 

Sensible heat in moisture 

12 

0 00 

Total heat input . 

883,522 

100.00 

Heat accounted for: 

In gas: 



Heat of combustion 

520,000 

58 86 

Sensible heat of gas 

21,000 

2.38 

In tar: 



Heat of combustion 

115,978 

13.13 

Latent heat 

1,036 

0 12 

Sensible heat 

4,400 

0.50 

In plant drip oil, not available 

In blast products: 


Heat of unburned stack gas 

13,993 

1.58 

Sensible lieat blast 

51,023 

6.12 

In undecomposed steam, total heat 

17,227 

2.05 

In water vapor: 



Moist generator fuel . . 

1,342 

0 15 

Moist blast air. 

560 

0 06 

Combustion hydrogen.. 

8,410 

0 95 

In refuse: 



Carbon, generator refuse 

29,380 

3 33 

Carbon, blown-over refuse 

i 957 

0 10 

Sensible heat .... 

1 1,027 

0 12 

Kadiation, unaccounted, etc 

97,189 

11 00 

Total heat accounted for.... 

883,522 

100 00 


* Summarized from Penna. State Coll. Mineral Inds. Expt. Sta. Bull. 32, 1941. 
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Eleven runs were made between the shutdown period and the first coaling, 10 runs 
thereafter. After the final charge, as many as 20 runs may be made to burn down the 
fuel preparatory to the baring down of clinker from the walls. 

Use of Anthracite in Water-gas Sets^ 

Anthracite has been used in Ameri(;a as a generator fuel in the manufacture of 
carbureted water gas since 1872. In 1919 a peak was reached of well over a million 
tons of the generator sizes—grate, broken, and egg. Largely as the result of prolonged 
strikes in 1922 and 1925-1926, which stimulated material improvements in the use of 
coke and bituminous coal, rather than for any technical reasons, anthracite was very 
largely displaced from the market. Today only about 145,000 tons of anthracite are 
used for this purpose. This is about 13 per cent of the total fuel used by water-gas 
generators within the normal anthracite-consuming area (11 New England and North 
Atlantic states). Of the remaining fuel, over 800,000 tons, or 75 per cent of the total, 
is coke, and 125,000 tons, or 11 per cent of the total, is bituminous coal. 

Advantages of Anthracite. At one time anthracite was considered a premium fuel 
for generator purposes. It is the densest and most comientrated form of commercial 
carbon, allows a greater weight of fuel bed, and permits more heat to be stored after 
the blow than any other solid fuel. 

As a consequence of the high bulk density of anthracite, and the resultant increased 
heat-storage capacity, the average lowering of the fuel-bed temperature during the 
*‘run^^ or steaming period is small, resulting in high percentages of steam decomposi¬ 
tion, and low steam consumption per thousand cubic feet of gas. 

Operating Conditions. The influence of variables in the ash content and ash- 
fusion characteristics of various anthracites may be compensated for by adjusting the 
cycle and steam rates to control the clinker position and c.ondition. 

The high bulk density of anthracite requires a long blasting period when bringing 
a fresh fuel bed up to temperature after removing clinker. It is desirable, therefore, 
to bring up the depth of the fuel bed gradually by small and frequent charges, thus 
reducing the duration of the initial blasting period and preventing excessive clinker 
hardness. 

Over the range of blast pressures available at a plant tested by Pennsylvania State 
College engineers,2 the effect of wide differences in decrepitation characteristic's of 
anthracites was found to be a negligible factor in ease of operation or operating results. 
In comparison with the resistance resulting from clinker and from oil carbon deposited 
in the fuel bed, the resistance resulting from coal decrepitation was of minor signifi¬ 
cance. Similarly, the quantities of blown-over fuel were found to be a negligible 
factor in either operation or efficiency. 

As has been more than conclusively proved by the continued successful use of 
anthracite for over 75 years, the quality of the gas made with anthracite is satisfactory, 
and the specific gravity is such that advantage can be taken of the blowrun for 
increased capacity wherever economic conditions (price of coal and oil) warrant. 

Selection of Anthracite. In general, it may be said that the physical differences 
between anthracites are of greater importance in choosing a generator fuel than the 
chemical differences. 

Physically, reasonable care should be exercised to prevent admission of too high a 
percentage of fines into the generator. Where fines are excessive, forking or screening 
the coal is desirable. Other than this, normal size degradation or decrepitation is 
not likely to be a factor unless the blast pressure used is abnormally high. 

Some anthracites with poor resistance to thermal shock may be expected to give 
unsatisfactory performance. Clinkering coals are usually avoided by gas-plant 
operators, largely because of the inconvenience and increased cost of their removal. 

1 Nbwman, Wriqht, and Gauqbr, loc . cit . 

* lbid . 
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Chemically, in addition to points which have been covered, the formation of both 
naphthalene and hydrogen sulphides, both undesirable in city gas, are primarily 
functions of the oils used and considerably less dependent upon the coal. 


Table 9-21. Carbureted-water-gas Operating Results with Various Anthracites^ 


Coal field. 

North¬ 

ern 

Western middle 

Eastern middle 

South¬ 

ern 

Coal size. . 

Broken 

Broken 

Broken 

Egg 

Broken 

Egg 

Stove 

Broken 

Proximate analysis: 









Fixed carbon, per cent 

84 3 

87 2 

86.9 

86 7 

88 8 

88.7 

88 9 

86.0 

Volatile matter, per cent 

5 3 

2 5 

3 9 

4.3 

3 8 

3 8 

3.6 

3.6 

Ash, per cent 

10 4 

9 3 

9 2 

9 0 

7.5 

7.5 

7.6 

10.4 

Moisture, per cent . . 

2 1 

2 2 

3 6 

2 5 

4 3 

2 6 

3.7 

2.1 

Heating value/lb Btu 

13.160 

13,150 

12,975 

13,210 

13,170 

13,360 

13,220 

12,960 

Ash-softening temp, deg F 

2,680 

2,740 

2,790 

2,750 

2,935 

2,960 

2,950 

2,565 

Gas oil: 









Gravity, deg API... 

41 4 

42 5 

42.1 

41.8 

41 7 

42.0 

42.1 

42.7 

Lb/gal . 

6 81 

6 77 

6 79 

6 80 

6 80 

6 79 

6 79 

6.76 

Heat value/lb, Btu . 

19,815 

19,847 

19,785 

19,720 

19,730 

19,780 

19,755 

19,765 

Heat value/gal, Btu... . 

135,019 

134,384 

134,261 

134,057 

134,203 

134,306 

134,057 

133,670 

Operating conditions: 









Cycle length, min. 

5 81 

6.12 

6 32 

6 18 

6 06 

6.13 

6 42 

6.35 

Blow, min. 

2 66 

2 93 

3 03 

3 00 

2 87 

2 94 

3.15 

3 02 

Carbon blast on, min. 

2.62 

2 89 

2 99 

2 96 

2 83 

2 90 

3 11 

2.98 

Generator air, cfm. 

2,280 

2,229 

2,140 

2,162 

2,229 

2,204 

2,059 

2,267 

Carburetor air, cfm . 

710 

802 

742 

774 

775 

732 

701 

777 

Steam, uprun rate, Ib/min . 

34 

34 

38 

38 

33 

33 

33 

38 

Steam, backrun rate, Ib/min 

44 

43 

40 

43 

44 

44 

45 

43 

Oil, total per run, gal. 

7 8 

8 6 

8 4 

8.3 

8 6 

8.6 

8 5 

8.9 

Oil, rate, gpm. 

5 7 

5.8 

5.9 

6.5 

6.4 

6.5 

6.0 

6.6 

Operating results: 









Gas made per hr, cfm.... 

36,421 

36,946 

36,153 

36,847 

37,985 

38,000 

35,987 

37,692 

Generator fuel/Mcflb. 

35 87 

35 37 

34 66 

35 75 

33 98 

33.30 

34.72 

36.26 

Oil/Mcf gal . 

2 15 

2.20 

2 10 

2 10 

2.15 

2.12 

2.12 

2.17 

Steam/Mcf lb . 

31 86 

30 83 

32 46 

32 67 

30.21 

29.85 

31 19 

32.33 

Generator “standard” air/Mcf 

1,694 

1,730 

1,605 

1,605 

1,604 

1,622 

1,562 

1,704 

Carburetor “standard” air/Mcf 

527 

621 

556 

575 

558 

539 

532 

584 

Gas made/sq ft gratc/hr, cf 

2,753 

2,793 

2,733 

2,785 

2,871 

2,872 


2,842 

Tar per Mcf (estimate), gal 

0.13 

0 23 


0.08 

0.16 

0.12 

0.11 

0.15 

Heat of combustion in gas, per 









cent . 

65.95 

65.84 


66.48 

67.93 

1 _ 

68 83 

67.63 

65.85 


1 Condensed from more complete tables, Penna, State Coll. Mineral Inda. Expt. Sta. Bull. 36. 


OIL GASES I 

Oil gas is a combination of cracked oil vapors and blue gas produced by reactions 
analogous to those involved in the production of carbureted water gas, except that 
the oil gases predominate and the blue gas is present in much smaller quantities. 
By-product carbon, or lampblack, is produced in considerable quantities. 

The introduction of natural gas in the larger centers on the Pacific Coast has 
decreased the use of this type of gas so that little is now made except in the Pacific 
Northwest. Previously, low-cost oil available on the West Coast was the reason for 
the economy of the oil-gas process and for the failure to attack its wasteful feature, 
the formation of lampblack. Most of the lampblack was burned as boiler fuel rather 
than sold. 

Broadly speaking, two types of equipment are used, the ‘‘straight-shot and the 

1 Shnidman, L., loe . cit ., p. 42. 
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Jones process. Results obtained under test conditions in a double-shell generator 
emplo 3 dng the Jones process are given in Table 9-22 as are the results of a new high- 
Btu oil-gas process as described by R. J. Chambers. ^ This utilizes a twin-generator 
setup producing 950 to 1,000 Btu purified gas. The process is achieved by rebuilding 
the generator and carbureter of a water-gas set into two downheat and downmake 
oil-gas generators. 

Analysis of a typical oil gas is given in Table 9-23, in which it will be seen that this 
gas has a much lower specific gravity than the analogous carbureted water gases. 
It is also lower in illuminants and considerably higher in hydrogen and methane. 


Table 9-22. Typical Oil-gas Operation^ 



- 1 

Jones process 

High-Btu 

process 

Heating value, Btu/cu ft 

550 

540 

960 

Heat oil, gal/Mcf 

0 925 

0 900 

1 240 

Make oil, gal/Mcf 

6 380 

6 170 

9.010 

Lampblack, Ib/Mcf (estimated) 

12 0 

12 0 


Tar, Ib/Mcf (estimated) 

4 0 

4 0 

1.11 

Btu in gas/gal total oil 

; 75,850 

76,430 


Gasification efficiency, per cent 

51 6 

52 0 


Gas analysis, per cent: 




CO* . 

4 6 

4 8 

2 2-3 9 

CeH*. 

1 2 

1 1 


CnHn* ... . 

3 0 

2 6 


0* 

0 4 

0.3 

0 9 3 2 

CO 

10 4 

10 2 

0 6-1 8 

H* 

47 6 

49 7 

7 5-14 8 

CH 4 . . 

27 0 

25 9 

31-41 

N* 

6 8 

5 4 

18 2-22 5 

Sp gr . 

0 476 

0.4C1 

0 80-0 86 

Illuminants 



17 9-29 0 

Air, cu ft/Mcf 



2138 

Steam, Ib/Mcf . . 



23 9 


^ Shnidmak, L., Editor, “Gaseous Fuels,” AGA, 1948. 

Table 9-23. Analysis of a Typical Oil Gas (Portland)' 


CO*, per cent. 12 C 4 H 10 , per cent . 3 9 

0*, per cent . 0 5 Sp gr . 0 37 

Nj, per cent 2 4 Btu/cu ft: 

CO, per cent 7 7 Gross ... 570 

Ha, per cent 54 2 Net. 610 

CHi, per cent ..30.1 

1 “Gaseous Fuels,” AGA 1948. 


Raw Refinery Oil Gas* 

In the refining of petroleum products, a small fraction of the throughput usually 
fails to recondense to remain in the form of a raw gas of mixed composition. The 
bulk of this gas has been used to heat refinery equipment. Only a limited amount of 
su6h gases can be used for direct enrichment of water gas or similar lean gas, largely on 
account of limitations of gas appliances. However, in certain cases where the refinery 
is located near a large market, this use is sometimes important. It is also used as a 
source of auxiliary gas supply for industrial plants. 

The composition of raw refinery gas is principally saturated and unsaturated hydro¬ 
carbons, giving it a heating value of from 1,300 to 2,000 Btu per cu ft, although in well- 
operated refineries the heating value is generally maintained between 1,400 and 1,700 
Btu. These gases are similar in Btu and specific gravity to the gas produced by 

1 Cbambskb, R. J., AGA Monthly, vol. 29, p. 323, 1947. 

* ^Gaseous Fudls,” p. 41, AGA, New York, 1948. 
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cracking gas oil in a carbureted-water^gas set. Table 9-24 shows typical oil-refinery^ 
gas analyses. 


f 

Table 9-24. Typical Analyses of Refinery Oil Gases^ ^ 



Liquid- 

phase 

cracking 

(Cross)o 

Vapor- 

phase 

cracking 

Average of 
four analy¬ 
ses of 
Hempel 
Podbielniak 

Constituents, per cent by volume: 




Carbon dioxide. 


0 2 

0.5 

Oxygen. 

0 2 

0 2 

0 2 

Nitrogen. 

0 6 

0 5 

2 .2* 

Carbon monoxide 

1 2 

1 2 

1 4 

Hydrogen 

6 1 

13 1 

1.9 

Methane 

4 4 

23 3 

34.4 

Ethane 

72.5 

21 9 

20.1 

Illuminants 


39 6 

44.1 

Sp gr 

1.0 

0.89 

1.05 

Btu/cu ft: 




Gross . . 

1,650 

1,475 

1,688 

Net . . 

1,524 

1,351 



1 Compiled from “Gaseous Fuels,” AGA, New York, 1948. 

« Dubbs process produces less illuminants (6.7 per cent), and 65 per cent CHi and 16 per cent ethane. 

^ By difference and includes II 2 S, CS 2 , etc. 

REFORMED GASES^ 

Reformed Refinery Oil Gas^ 

The objective of reforming processes, such as that of the U.G.I. Co. of Philadelphia, 
is to produce a gas suitable for distribution with any or all of the gases commonly 
distributed. The composition of the reformed gas may be adjusted to render it 
suitable for mixing with, or replacing, coal gas, coke-oven gas, carbureted water 
gas, natural gas, or their mixtures. By mixing reformed gas with uncracked (not 
reformed) refinery gas or with blue, producer, or blast gas, mixtures essentially similar 
to coal or carbureted water gas can be made. 

The flexibility of a water-gas set permits various types of gases to be produced in 
different parts of the gasmaking cycle, and by suitable mixing in a relief holder any 
desired finished gas may be made. 

Table 9-25 shows sample analyses of 530-Btu reformed gas produced from oil 
refinery gas and from natural-gas sources. The amounts of generator fuel and the 
therms of original gas used per thousiuid cubic feet of finished gas are shown. 

Reformed Natural Gas 

The pyrolysis of natural gas on contact with hot checkerbrick results first in decom-* 
position of less stable ethane, forming methane and freeing H 2 and some C. The 
second stage is the breakdown of methane to C and H 2 . 

References. Masser^ reported on the details involved in reforming natural gas On 
checkerbrick in oil-gas sets using 1,200-Btu natural gas. 

The General Oil Gas Corp. reported on the Faber-Dayton p)rocess® at Olean, N.Y., 
where 1,340-Btu natural gas was reformed to various finished gases. 

The Odell process was in use on a commercial scale, ^ producing reformed gases as indi- 

1 Shnxdman, L., loc. cit., p. 41. 

2 Masbbr, H. L., Qas-Age-Record, vol 54, p. 143, Aug. 2, 1924. 

» Rinclxffe, R. G., AO a, Proc., 1930, pp. 1482-1487. ' 

* Burdick, R. H., “Natural Gas Reforming at Toledo,” AGA Producers Conference, 1931. 
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cated in Table 9-26. The references cover examples of operation with recovery and with 
elimination of carbon black. 

Cracking natural gas in a water-gas set has been described by J. S. Dueslor.^ 

Reformed Butane Gas 

Typical composition of these gases has not been included in the summary Table 
9-25 because the processes are not in commercial use at this time, although they have 
been extensively studied along with the reforming operations on other gaseous hydro¬ 
carbons. The references cited give interesting data on chemical reactions, probable 
composition and yields, as well as the properties of the reformed gases. 


Table 9-26. Typical Analyses of 630-Btu Reformed Gas^ 


Source . 

From oil-refinery gas 

From natural gas 

Constituents, per cent on volume: 
Illuininants 

3 5 

5 6 

5 7 

0 6 

0 2 

Methane. 

17 4 

13.5 

12 3 

27 0 

28 0 

Ethane.. 

2 3 

3.3 

3.3 

2 9 

5 2 

Carbon monoxide 

17 9 

22 1 

24 1 

15 4 

20 5 

Hydrogen 

53 0 

39.6 

40 4 

47 2 

29 6 

Carbon dioxide 

2 5 

3.4 

3 6 

2 2 

3 2 

Oxygen.. 

0 1 

0.1 

0 2 

0 1 

0.1 

Nitrogen.. 

3 3 

12.4 

10 4 

4 6 

13 2 

Btu . 

530 

530 

530 

530 

530 

Sp gr . 

0 458 

0 614 

0 624 

0 449 

0 608 

Fuel, Ib/Mcf 

7 3 

12 8 

15 7 

6 0 

14 0 

Gas, therms/Mcf 

5 09 

4 35 

4 07 

4 95 

4 09 


1 Shnidman, L., Editor, “Gaseous Fuels,” p. 42, AGA, New York, 1948. 


Table 9-26. Analyses of Reformed Gases ^ 



From natural gas 

From 

refinery 

gas 

Straight- 

shot 

generator 

Water- 

gas 

generator 

Constituents, per cent by volume: 




Carbon dioxide 

2 1 

1.2 

2 3 

Oxygen . 

0 3 

0 1 

0 7 

Nitrogen 

1 5 

3 8 

4 9 

Carbon monoxide 

13 6 

22 3 

20 8 

Hydrogen. 

48.3 

49 8 

49 8 

Methane. 

33 0 

21 9 

12 3 

Isobutane.... 

1 2 

0 83 

3 7 

Sp gr . 

0 41 

0 44 

0 51 

Btu: 




Gross. 

5.19 

464 

530 

Net. 

497 

424 

475 


1 “Gaseous Fuels,” AGA, New York, 1948. 

PRODUCER GAS2 

Producer gas differs from by-product and retort gases in being made by partial 
combustion of the coal or coke used as generator fuel. Producer gas is high in nitro¬ 
gen, which is introduced by the air brought in for combustion. The heating value 
is low; the specific gravity is high, and the per cent of inerts is high. It is odorless 
and contains about 23 to 27 per cent of carbon monoxide. 

iDttbblsr, J. S., AGA, Proc. 1930, pp. 1488-149(X 

* Shnidman, L., loe. cU., p. 43. 
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The composition of producer gas is influenced to a great extent not only by the 
raw materials and operating cycles used, but by the mechanical equipment involved. 
The high volatile content of bituminous coal requires a different technique than y^hen 
anthracite or coke is used as a generator fuel. The resultant gases from these fuels 
are different. Some st(;am is generally added to producer operation, introducing 
blue gas in the finished product. 

Producer gas may be used as it comes from the generator (^'hot producer gas^^), or 
tar and other impurities may be scrubbed out, yielding ^‘cold clean producer gas.” 
Typical analyses are given in Table 9-27. 

Gas Producers 

Individually owned gas producers are frequently used for gas generation industrially 
w^here municipal or other utility gas is not available or where the price is out of line 
with that of producer gas. 

In the past, several makes of produ¬ 
cers have been available, including the 
Dover-Galusha, the Wood Producer, the 
Roller (later Semct-Solvay), the Flynn & 

Dreffcin, and the Sharp Bassett. While 
some of the older producers of all these 
makes may sometimes be encountered in 
the field, the market is currently virtually 
restricted to the Wcllman-Galusha^ for 
anthracite (usually rice), the Wood Pro- 
du(!er2 for bituminous coal, and the 
Koppers-Kerpely*^ for coke or anthracite. 

The Wellman-Galusha Producer. A 
two-compartment fuel bin forms the top 
of the machine, the upper section serves 
as a storage bin, fed by any suitable fuel¬ 
handling device. The lower compart¬ 
ment is separated from the upper by a 
gastight gate through which the fuel is 
fed as required. Similar gates cover the 
tops of each of the four steel feed pipes, 
which connect the lower bin with the up¬ 
per feed chamber. Fuel from the gastight 
lower bin flows continuously through these 
feed pipes to fill the fire chamber, as the 
grates discharge the ash from below the 
fire to make room for incoming fresh coal. 

The fuel-feed gates are normally open, 
but at intervals of once or twice a day, 
they are closed, while the upper gate in the lower compartment is opened to fill the gas- 
tight feeding compartment with fuel. An interlocking mechanism prevents the open¬ 
ing of this upper gate unless all lower gates are closed. It also prevents opening any 
lower gates while the top gate is open. This prevents loss of gas while charging fuel. 

Sizes and Types of Galusha Producers Available. The Wellman-Galusha producer 
is made in a wide variety of sizes, ranging from small units suitable for marine propul- 

1 Manufactured by The Wellman Engineering Co., Cleveland, Ohio. 

2 Manufactured by the R. D. Wood Co., Philadelphia, Pa 

2 Koppers Co., Inc., Engineering and Construction Division, Pittsburgh, Pa. 




Table 9-27. Typical Analyses and Properties of Producer Gas from Various Fuels 
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sion, laboratory-gas generation, etc., to the popular 10-ft models having a capacity 
of some 105,000 cu ft of gas per hr. The range of commercial producers is shown as 
Table 9-28. 

As anthracite is free from tar, when this fuel is used it is often possible to dispense 
with scrubbing towers, baffles, water sprays, and cold gas pumps and to supply hot 
gas, under pressure, direct to the point of use. 

As compared with earlier producers, the present Wellman-Galusha producer pos¬ 
sesses such advantages as automatic coal feeding, water-cooled linings to eliminate 
brickwork, self-generation of steam, and a revolving grate to remove ash automatically. 

Characteristics of Gas, Inherently, gas generated in such producers from anthracite 
or coke is a lean fuel; i.e., 1 cu ft of anthracite producer gas carries about 150 Btu, and 
coke gas about 137 Btu. As a result, existing gas piping may have to be replaced 
with larger sizes to permit the delivery of a greater volume of gas with the required 
number of heating units. However, if the gas 
now used is distributed satisfactorily at such low 
pressures as 2 or 3 oz, then the present piping 
may carry sufficient producer gas since it is 
usually delivered under about 2 lb pressure. 

On the other hand, the volume of combustible 
mixture (air plus gas) is only some 15 to 30 per 
cent greater with producer gas than with natu¬ 
ral or manufactured gas. The air for combus¬ 
tion is less per million Btu than it is for other 
fuels because the first step in the combustion 
of the coal, partial burning of carbon to carbon 
monoxide, has been completed in the producer 
so that only sufficient air to complete combus¬ 
tion to carbon dioxide is required in the furnace. 

As practical results, it is usually sufficient 
to enlarge burner orifices rather than to change 
burners, and the mixing of air and gas is 
simplified. 

The low Btu content of producer gas leads to frequent misunderstanding concerning 
its use. It is true that the low Btu content per cubic foot does enter into gas-handling 
calculations in full proportions; but, as it is the air-gas mixture, and not the gas, that 
is to be burned in the furnace, items of combustion and furnace design are affected 
to the much lesser extent of the total volume of mixture required. 

Fuel Requirements, Anthracite, rice size, is the predominantly popular fuel for 
Galusha producers. Buckwheat-sized anthracite is also used, particularly on the 
smaller models. Coke, in the pea or breeze size, is also a satisfactory fuel. Wood 
waste has proved suitable in some cases, while charcoal is sometimes used on a smaller 
or marine-type model. Experimental attempts to use the barley size of anthracite 
on a producer equipped with a mechanical agitator or fuel leveler have not yet placed 
that size in commercial acceptance. 

Coal should be uniformly sized, of square fracture (especially if rice is used), and 
should be reasonably low in ash content (12 per cent or below). Minimum sulphur 
content is also of utmost importance when the ultimate gas is to be used in many 
industrial processes. Volatile content is probably no more critical than on other 
combustion devices, but a medium content is probably preferable. 

Oxygen Blast and Synthesis Gas. At the Consolidated Mining & Smelting Co., 
Trail, B.C., oxygen instead of air is used for the blast in the production of synthesis 
gas. The Anthracite Institute experimented here with the oxygen blasting of rice 


Table 9-28. Maximum Producer 
Capacity on Rice Anthracite" 


Diameter of 
producer, ft 

Lb coal 
burned/ 
hr 

Cu ft gas/hr 
(at 70 cu ft/lb) 

4 

250 


5 

400 


6 

565 

39,500 

6 K 

664 


8 

1,000 

70,000 

10 

1,500 

105,000 


«Production on No. 1 buckwheat is 
approximately 20 i)er cent greater. 


Rico coal burned/sq ft grate, .. 15-21 

Drv' gas/lV) of coal 73-79 

Probable thermal eflicioncy: 

Gross. . 80-90 

Net .. 75-85 
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and barley anthracite, but, largely because of the small supply of anthracite available 
for test, the results are not sufficiently conclusive for commercial use. 

Synthesis gas produced at Trail (CO + H 2 per pound of carbon appearing in the 
gas) ranged from 40.7 for commercial production on coke to some 44.5 for experimental 
rice-sized anthracite. 

Uses of Producer Gas, Typical uses of producer gas as reported by the Wellman 
Engineering Co, include; 

1. All types of heat-treating and annealing in steel mills, both muffle and direct- 
fired. Its use eliminates most of the scale formation on direct-fired steel products, 
and it is used both as a fuel and as atmosphere for bright annealing. With auxiliary 
equipment for removal of II 2 S for annealing copper and brass. 

2. Firing tunnel kilns for malkiable iron, enamel stationary ware, enameling 
ceramic tiles, firebrick, abrasive grinding wdieels, and clay saggers. 

3. Firing bakery ovens for bread, cakes, and other food products. 

4. Singeing woohui, worsted (finished) cloth. 

5. Power generation for small plants and marine use. A special small model is 
available for the latter purpose. 

Producer gas has particular advantages where controlled atmospheres, rich, lean, 
or variable are needed because of the r(‘adiness with which atmospheric oxygen can be 
excluded. Negligible hydrocarbon content also improves cleanliness and brightness 
of annealed products. 

Wood Mechanical Gas Producer. ^ The Wood mechanical gas producer is a self- 
contained self-supporting machine, fully automatic from the feeding of the coal to 
the removal of the ash. It is designed for continuous operation on bituminous coal 
only. It is currently available in only one model, the Type SB-10, 10 ft in diameter 
inside the brick lining, and capable of gasifying from 400 to 6,000 lb of bituminous coal 
per hr, depending upon the quality of the coal used (Fig. 9-10). 

Design Features. Outstanding features of design include positive agitation of the 
fuel bed by m(*ans of a single straight poker bar, which can be replaced; a mechanical 
coal feeder operated independently of the stirrer-bar diive; a steam seal to prevent 
gas leakage between the stationary and moving member; a revolving roller-supported 
ash pan, rotating at the same speed as the producer shell to minimize grinding of the 
ash and consequent increased resistance to the air blast; an adjustable ash plow, 
permitting continuous plowing of the ashes regardless of the amount of coal gasified; 
a stationary agitating blade to move the ash continuously toward the outside of the 
ash pan; water-cooled top plate; firebrick lining; integral supporting members, 
driving mechanism, blast, and steam distribution. 

Auxiliary Requirements. One 5-hp, 1,750-rpm motor is supplied, with average 
power consumption of about 3 hp. A Wing No. 12-CX-4 centrifugal turboblower is 
also furnished to supply air to the fire zone. F.xhaust steam from the turbine is used 
to saturate the air blast, augmented as needed by a live-steam supply. 

When in continuous operation, the producer will require: 

270 gal of water per hr 

0.4 lb of steam per lb of coal gasified 

50 cu ft of air per lb of coal gasified 

Speeds. The producer shell, ash pan, and blast hood with the fuel and ash bed v/ill 
rotate at a speed of one revolution in 10 min. The agitating bar can be rotated at 
variable speeds. The vertical shaft will rotate at a speed of 1.3 rpm. 

Goal Recommended. The manufacturer recommends bituminous coal not to exceed 
3 in, in size with allow able fines up to 30 per cent. 

1 The R, D. Wood Co., Philadelphia, Pa., manufacturers. 
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Operating Results. In a typical steel-mill test, the following results were secured on 
a Wood producer: 

The coal gasified was lancoln Gas Coal Co. egg and mit “Pittsburgh v('in** of the 
following analysis: 


Moisture, per cent . , 
Volatile, per cent . 
Fixed carbon, per cent 
Sulphur, per cent . . 

Ash, per cent. 

Btu/lb ... 

Ash fusion, deg F 


j 3 g The rate of gasification, depending \ipon the 
38 40 demand of the heating furnaces, varied from 

^2 16 6,000 lb per hr, or from 47.8 to 76.4 lb 

5 70 of coal per sq ft of fuel-bed area. The gas pro- 
from this coal was of uniform quality 
and averaged 162.3 Btu (low value at 62®F) 


per cu ft containing 46.6 per cent combustibles (Table 9-29). 



Fig. 9-10. Wood, SB-10 mechanical gas producer. 


The analysis of the producer ash, shown in Table 9-30, indicates how thorough the 
conversion to gas was, the carbon content being only 0.355 per cent of the total 
carbon charged to the producer. 

During several months of operation, there was no hand poking, with the bed remain¬ 
ing level and loose. A gas temperature of 1400°F and a blast temperature of 138®F 
was maintained. The fire was free from hot spots and blowholes, and the walls free 
from clinkers. 
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Table 9-29. Typical Analysis of Gas 
• from Wood Producer 


(In per cent) 



Suiitple 

A 

Sample 

B 

Carbon monoxide 

1 

27 r, 

26.2 

Carbon dioxide 

4 5 

5 8 

Methane 

3 8 

3 8 

Ethylene 

0 8 

0.8 

Hydrogen 

15 7 

15.7 

Oxygon 

0 2 

0 2 

Nitrogen 

47 5 

47 5 


Table 9-30. Typical Analysis 

of Ash 

from Wood Producer 

Per Cent 

Silica.. 

. 43.10 

Aluminum oxide. 

.. 25 95 

Ferric oxide . 

. 23 35 

Sulphur 

.. 0 44 

Phosphorus 

. 0.06 

Lime. 

1.50 

Carbon 

5 60 


Principal Applications. According to the manufacturer, the principal uses are; 


Open-hearth-stocl melting furnaces 
Soaking pits for heating ingots 
Annealing furnaces 
Billot-heating furnaces 
Crucible-steel melting furnaces 


lichrs for annealing glass 
Rotary kilns for burning limestone 
Shaft kilns for burning limestone 
Brick-burning ovens 

Glory holes for reheating glass on end of 
blowpipes 


The Koppers-Kerpely Gas Producer.^ To date approximately 124 Koppers- 
Kerpely gas producers have been built to supply gas for underfiring by-product coke 
ovens, vertical coke ovens, and ceramic kilns; for the heat-treating of metal; and for 
mixing with other fuel gases. They have been developed to operate on the smaller 
sizes of cither coke or anthracite. 

Description of Producer. The Koppers-Kerpcly gas producer employs a cylindri¬ 
cal gas generator with a conical eccentric grate and ash-removing device at the 
bottom and a feed hopper and gas offtake at the top. 

The sides of the producer comprise a heavy cast-iron apron which dips into a 
water seal in the ash pan, a steel water-jacketed section about 8 ft high, and an 
upper bricklined section to which the bricklincd gas offtake is connected. The top 
is lined with a conical firebrick arch, in the center of which the feed hopper is mounted. 

The grate is a built-up cone on a cylindrical section mounted e(;centrically on 
a revolving saucer-shaped cast-iron ash pan. The whole ash assembly turns on 
a large ball bearing or a grease-lubricated pedestal bearing and carries with it an 
apron which dips into a water seal around the blast-air-inlet line. A variable speed 
drive makes it possible to keep the grate moving at all rates of gas production to 
take full advantage of the eccentric-grate motion to stir the fire and maintain uniform 
fuel-bed conditions. 

On rotation, the eccentricity of the grate and support generates an oscillating moticn 
which crushes the ash between the grate supports and the heavy cast-iron skirt. A 
plow causes the ash to rise over the sides of the ash-pan saucer, through the water 
seal, and discharge into the ash-sluicing system. 

The feed hopper is equipped with a gas tight lid and a double charging bell by means 
of which the operator may charge the fuel to either the center or the periphery of the 
fuel bed as required by the condition of the fire. 

The water jacket is connected by pipes for circulating the water through a low- 
pressure steam drum supported above the charging floor. The main function of the 
water jacket is to prevent formation of side-wall clinkers which would interfere with 
the removal of ash by the grate and reduce the gasmaking capacity of the producer. 

1 Manufactured by Koppers Co., Inc., Engineering and Construction Division, Pittsburgh, Pa. 
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Operation of Producer,^ The thickness of the incandescent oxidation zone depends 
on the size of the fuel used. With small-sized coke breeze it may be only 2 in. thick, 
while with nut coke it may be 4 in., and with stove coke, 1 ft or more. The restricted 
oxidation zone formed when gasifying fuel of fine particle size attains a much higher 
temperature than a thicker oxidation zone resulting from the use of a large-sized fuel. 
In addition, the ash-fusion temperature of the smaller sizes of fuel is lower than that 
of the larger sizes. The hotter oxidation zone tends to fuse the ashes and form them 



Fig. 9-11. Cross-sectional elevation of a Koppers-Kerpely producer plant. 


into large clinkers. This tendency must be opposed in order to keep the fuel bed open 
and active. Control is maintained through raising the saturation temperature of 
the air blast, thus increasing the amount of water vapor going through the reaction 
zones and reducing their temperatures. The gas made will then be higher in carbon 
dioxide, hydrogen, and gross heating value. However, if forced to comparatively 
high saturation temperatures to reduce clinker formation, the result may be the pro¬ 
duction of a gas with a lower net heating value because of the high H 2 :C 0 ratio. 
These conditions also bring about a reduction of the capacity of any producer gasifying 
small-sized fuel. 

1 Table 9-31 and Fig. 9-11 show salient features of design and operation of the Koppers-Kerpely gas 
producer. 
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Typical operating temperatures are usually in the order of: air blast 130®F; raw gas 
1200®F; and gas after the dust leg and waste-heat boiler about 500®F. 

Fuel-Gasifying Capacity. Presuming an adequate supply of properly saturated 
blast air, the size and nature of the fuel and the fusion point of its ash are the main 
factors which determine the fuel-gasifying capacity of a gas producer. For a 10-ft 
Koppers-Kerpely producer, this capacity is 30 to 80 net tons per 24 hr. 

Table 9-31. Operating Data, Koppers-Kerpely Gas Producer^ 

(10 ft diameter. Gasifyini; coke at rate of 10 tons per 24 hr) 


Coke throughput, net tons/day. 50 

Gas made, Mcf/day 7,250 

Power for entire plant, kwhr/day. 1,000 

Water evaporated by jacket boiler, Ib/day. 60,000 

Water evaporated by waste-heat boiler, lb/day 100,000 

Steam for blast saturation, Ib/day . . 40,000 

Water for gas washing and cooling, thousand gal/day 300 

Direct labor, man-hr/day« . 24 

Typical analyses, per cent: 

Carbon dioxide . ... . 3.6 

Carbon monoxide. 310 

Hydrogen ... . 97 

Oxygen . 0 1 

Methane ... . . 02 

Nitrogen . 55 4 

Gross heating value of cold gas, Btu/cu ft . . 133 

Normal dust after cooling and washing, grams/100 cu ft 3--5 

1 Manufacturer’s data sheet. 


" A producer-plant operator, a blower-and-boostcr engineer, and a fuel charger can operate a plant 
containing 6 to 8 producers, depending on local conditions, 

LIQUEFIED PETROLEUM GASES^ 

The natural gases which constitute the principal sour(‘e of liquefied petroleum gas 
were used as a source of gasoline for many years before the portion which could be 
kept liquid under pressure was introduced extensively into commerce. Because the 
natural gases richest in gasoline were drawm from the top of the (casings of oil wells, 
they were called ‘^casing-head” gases, and the gasoline separated both from them and 
from dry natural gas (unaccompanied by oil) was called “casing-head gasoline.” 
Casing-head gasoline, more rec^ently named and now generally called “natural” gaso¬ 
line, as distinguished from the gasoline made in refineries, is separated from the gas 
(1) by compression and cooling or by compression alone; (2) by dissolving under pres¬ 
sure in an oil somewhat less volatile than kerosene, from which it could subsequently 
be distilled; or (3) by “adsorbing” in a porous material such as “activated” charcoal, 
from which it is later driven by steam. In every case the higher hydrocarbons, 
pentane, hexane, etc , which were wanted as gasoline were accompanied by more or 
less of the lower hydrocarbons, propane, and butane which were not wanted because 
they made the gasoline too volatile. Originally the natural gasolines were allowed to 
“weather”; t.e., the dissolved propane and other gases were allowed to escape at 
ordinary temperature and pressure, accompanied by a large amount of the gasoline 
vapor, until the gasoline w^as sufficiently stable for sale. P]ventually the process of 
submitting these escaping gases to “fractional distillation” was introdin^ed, primarily 
for the purpose of recovering the gasoline they carried with them.^ 

At first fractional distillation of natural gasolines was used only to prevent the loss 
of gasoline during the removal of propane and butane, wiiich were returni'd to the 
natural-gas line. Later, the mixture of propane and butane with some ethane and 

1 Propane, Butane, and Related Fuels, NBS (U.S.) Letter Circ. 503, Sept. 1, 1937. 

> Fractional distillation (or rectification) is the general process for separating liquids of somewhat 
different boiling points which occur together in solution by repeatedly evaporating and condensing 
portions of the mixtures. 
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pentane, liquefied together, began to find a market; but it was not long before the 
advantages of a complete separation of the gases, and their marketing, as separate 
products, became apparent. This complete separation is also accomplished by 
fractional distillation. 

Sources of Supply. Much of the liquefied fuel gas still comes from natural gas, 
although oil refineries constitute their greatest potential source. The total quantity 
which could be obtained from these sources is said to be very great and to be much in 
excess of any possible demand for domestic use other than house heating. 


Table 9-32. Physical Properties of Light Hydrocarbons^ 


(Excluaivo of combustion data which are shown in Table 9-33) 



Methane 

Ethane 

Propane 

Iso¬ 

butane 

Butane 

Pentane 

Molecular volume of gas, cu ft" 

378 7 

375 8 

372 7 

366 7 

365 4 


Molecular weight of gas. 

16 04 

30 07 

44 09 

58 12 

58.12 

72.15 

Gal/lb-mol at 60®F . 

6 4fr 

9 64 

10 41 

12 38 

11.94 

13.71 

Weight: 







Per cent carbon . 

74 88 

79 88 

81 72 

82 66 

82.66 


Per cent hydrogen . 

25 12 

20 12 

18 28 

17.34 

17.34 


Specific gravity: 







Of liquid (water =1) . 

0 248 

0.377 

0.508 

0 563 

0 584 

0 631 

Of liquid, deg API. . . .... 

340*' 

247 

147 

120 

111 

93 

Of gas (air = 1) . 

0 555 

1 048 

1 550 

2.077 

2.084 

2 490 

Weights and volumes: 







Lb/gal of liquid. 

2 5^ 

3 145 

4 235 

4 694 

4.873 

5.250 

Cu ft of gas/gal of liquid. 

59 0*' 

39 69 

36 28 

30.65 

31 46 

27.67 

Cu ft of gas/lb of liquid . . 

24 8 

12 50 

8 55 

6 50 

6.50 


Ratio, gas volume to liquid volume*’. 

443*' 

293 4 

272 7 

229.3 

237.8 

207.0 

Initial boiling point (atmospheric 







pressure) . . 

-259 

-128 2 

-43.7 

10.9 

31.1 

97 

Heat value (gross) 







Btu/cu ft of gas . 

1,012 

1,786 

2,522 

3,163 

3,261 

4,023 

Btu/lb of liquid, . 

23,885 

22,.323 

21,560 

20,732 

21,180 

21,110 

Btu/gal of liquid 


70,210 

91,500 

103,750 

102,600 

110,800 

Vapor pressure, psia; 







At --44°F. 


88 

0 

— 9 

-12 

-14 

At 0®F . 


206 

38 

12 

-7 

-13 

At 33®F. 


343 

.54 

17 

0 

-11 

At 70®F . 


563 

124 

45 

31 

-6 

At 90°F . 


710 

165 

62 

44 


At 100°F . 



189 

72 

52 

4 

At 130° F . 



275 

110 

81 

11 

At 150°F . 



346 

138 

87 

21 

Latent heat of vaporization at boiling 







point: 







A Btu/lb. 

221 

211 

185 

158 

167 

153 

Btu/gal . 

553 

664 

785 

742 

808 

802 

Specific heat: 







Of liquid, at Cp and 60°F, Btu/lb/°F 


0 780 

0 588 

0 560 

0 549 


Of gas, at Cp and 60°F, Btu/lb/°F 

0 526 

0 413 

0.390 

0 406 

0.396 

0.402 

Of gas, at C„ and 60°F, Btu/lb/°F. 

0 402 

0 347 

0 .346 

0.373 

0.363 

0 376 


iprom various sources, principally “Gaseous Fuels,” AGA, 1948; “Handbook Butane-Propane 
Gases,” Western Business Papers, Los AnKeles, 1945; Propane, Butane, and Related Fuels, NBS {U.S.) 
Letter Circ. 503. 

® Ideal gas - 379.5 cu ft. 

^ Apparent values for dissolved methane at 60'*F. 

«Based on “perfect gas.” 
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Petroleum Gases 

Natural gas and petroleum as they occur in nature consist of mixtures of many 
substances. These are chiefly hydrocarbons, of which the predominant ^Tamily’^ 
is the ‘^saturated series.” The compositions of these vary in a regular manner, the 
first six members being the following: methane, CH 4 ; ethane, CgHe; propane, CsHg; 
butane, C 4 H 10 ; pentane, C 6 H 12 ; and hexane, CcHh. In the case of butane and higher 
members of the series, different arrangements of the atoms in the molecules are possible 
and cause slightly different properties. There are two butanes and three pentanes. 
Ordinarily these different isomers” are not separated, the only common exception 
being that ^^isobutane” is frequently separated from ‘^normal butane,” 

Properties of Petroleum Gases. The properties of the hydrocarbons which are of 
the most importance in connection with their use as fuels are given in Table 9-32. 
In this table, heating values in Btu per pound are computed from the heats of com¬ 
bustion per mol with 12.01 as the atomic weight of carbon. The heating values 
(in Btu per cubic foot) and specific gravity of the vapors, except those of pentane, 
have been corrected for deviation from the ideal gas law at 60°F and 1 atm. Pentane 
is a liquid at 60°F, but its con(;entration in gas mixtures, even those in which it is the 
only fuel, is usually low, and it has been assigned the hciating value and specific 
gravity corresponding to an ideal gas. The vapor pressures given were obtained 
graphically from plots of various vapor-pressure data. 


Table 9-33. Combustion Data of Light Hydrocarbons^ 


Ultimate CO 2 in flue products, jx'r 
cent 

Required for complete coiTi])Ustion: 
Cu ft O2/CU ft KllS . 

Cu ft air/cu ft gas 
Lb 02 /lb gas 
Lb air/lb gas . 

Products of combustion: 

Cu ft CO2/CU ft gas Imrnod 
Cu ft water vapor/cu ft gas burne<l 
Cu ft nitrogen/cu ft gas burned. . 
Lb C02/lb gas burned 
Lb water vapor/lb gas burned.. 
Lb nitrogen/lb gas burned... 
Maximum flame temp in air: 
Observed temp, deg F ... 

Per cent gas for max temp; 

Min 
^ Max . 

Ignition temp m air, deg F. 

Flash temp, deg F (calculated) 
Maximum flame propagation: 
In./sec... 

Per cent of gas m mixture 
Limits of inflammability in air: 
Lower limit (per cent gas in mix¬ 
ture) . 

Higher limit (per cent gas in mix¬ 
ture) 


Methane 

Ethane 

Propane 

Iso- 

butano 

Butane 

11 7 

13.1 

13 7 


14 0 

2 0 

3 5 

5 0 

6 5 

6 5 

9 55 

16.70 

23 86 

31 02 

31 02 

3 98 

3 73 

3 03 

3 58 

3 58 

17 24 

16 13 

15 71 

15 49 

15 49 

1 0 

2 0 

3 0 

4 0 

4 0 

2 0 

3 0 

4.0 

5 0 

5 0 

7 55 

13 20 

18 86 

24 52 

24 52 

2.74 

2 92 

2 99 

3 03 

3 03 

2.24 

1 79 

1 63 

1.55 

1 55 

13 26 

12 40 

12 08 

11.91 

11 91 

3416 

3443 

3497 

3452 

3443 

9.45 

5.70 

4 05 

3 15 

3 15 

10 10 

5.95 

4 30 

3 25 

3 40 

1202 

986 

932 

950 

896 

-306 

-211 

-156 

-117 

-101 

26 

34 

33 4 

33 

34 3 

9 5-10 

5 7-6 

4-4 3 

3.6-3.8 

3.6-3.8 

5 0 

3 2 

2 4 

1.8 

1.9 

15 0 

12 5 

9.5 

8 4 

8 4 


Pentane 


14 2 

8 0 
38 19 
3 54 

15 35 

5 0 

6 0 
30 19 

3 05 
1 50 
11 80 



Characteristics, Properties, and Uses of Petroleum Gases 
Methane is the principal constituent of the vast quantities of natural gas distributed 
from the wells through pipes and is a so-called ^‘permanent gas,” meaning that, at 
ordinary temperatures, it cannot be liquefied by pressure. 




Butane 

Propane 

Butane- 
jiropane mix 

Total LPG 

Principal uses 

Thou¬ 

sand 

gal 

Per 

cent 

Thou¬ 

sand 

gal 

Per 

cent 

Thou¬ 

sand 

gal 

Per 

cent 

Thou¬ 

sand 

gal 

Per 

cent 

Domestic and commercial.. 

113,001 

22.0 

765,953 

59.9 

594,335 

62 9 

1,473,289 

53 8 

Gas manufacturing; 

63,572 

12.4 

133,175 

10 4 

40,991 

4 4 

237,638 

8 7 

Industrial plants 

66,486 

13.0 

112,290 

8.8 

35,128 

3.7 

213,904 

7 8 

Synthetic rubber 

194,777 

38.0 

4,125 

0 3 

26,739 

2 8 

225,641 

8 3 

Chemical plants. 

54,386 

10 6 

249,653 

19 5 

186,925 

19 8 

490,964 

17.9 

Internal combustion 

20,019; 

3 9 

14,132| 

1.1 

58,790 

6 2 

92,941 

3 4 

All other uses. 

374 

0 1 

516! 


1,534 

0.2 

2,424 

0.1 

Total U.S. sales 

512,615 

100.0 

1,279,744 

“loo. 6 

944,442 

100 0 

2,736,801 

100.0 

percentage change since 

f®1947 . 


+28 6 


+48.2 


-0.3 i 


+23.8 


1 U.S. Bureau of Mines Mineral Market Report, mnis. 1760, July 27, 1949. 


Ethane can be liquefied by pressure alone at temperatures as high as 90°F, but if 
metal containers are to be filled with the liquid they must be of excessively heavy 
construction. Ethane is therefore seldom distributed alone and is of importance in 
this section only insofar as its presence in solution in propane and butane affects their 
properties. The presence of even small amounts of ethane in either propane or butane 
may cause a great deal of trouble from backfiring (flashing back) or blowing from* the 
burner ports, particularly when a fresh cylinder of gas is started. 
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Propane is a gas at atmospheric pressure at all temperatures above -“44°F but can 
be liquefied at moderate pressure and is safe in a container of moderate strength. It 
is thus in great demand as a fuel, especially for tank or ‘^bottleservice. In 1946, 
41 per cent of the domestic fuel thus sold was propane and an additional 53 per cent 
mixtures of propane and butane. Of liquefied petroleum fuels sold for all purposes in 
1946, propane constituted 32.2 per cent and propane-butane mixtures 42.1 per cent. 



Fig. 9-13. Sales of liquefied petroleum gas by principal uses. 


Table 9-36. Combustion Data of Hydrocarbons' 


Hydrocarbon 

Ulti¬ 

mate 

CO 2 , 

Cu ft re¬ 
quired/cn 
ft KHs or 
vapor for 
comVjustion 

Products of com¬ 
bustion, cu ft 
formed by burn¬ 
ing 1 cu ft 

Jjh required 
for combus¬ 
tion 1 lb 
gas or 
vapor 

Products of com¬ 
bustion, lb from 
burning 1 lb of 
gas or vapor 


per 













Air 

0. 

1 

CO 2 

IhO 

N 

Air 

O 2 

CO 2 

H 2 O 

N» 

Methane CH 4 . 

11.7 

9 55 

2 0 

1.0 

2 0 

7 55 

17 24 

3 98 

2 74 

2 24 

13 26 

Ethane C 2 H 6 .. 

13 1 

16 70 

3 5 

2 0 

3 0 

13 20 

16 13 

3 73 

2 92 

1 79 

12 40 

Propane CsHb. 

13 7 

23 86 

5 0 

3 0 

4 0 

18 86 

15 71 

3 63 

2 99 

1 63 

12 08 

Butane C4Hio. 

14 0 

31.02 

6 5 

4 0 

5.0 

24.52 

15.49 

3 58 

3 03 

1 55 

11 91 

Pentane CftHia .. .. 

14 2 

38 19 

8 0 

5 0 

6 0 

30 19 

15 35 

3 54 

3 05 

1 50 

11 80 

Ethylene C 2 H 4 . 

15 0 

14.32 

3.0 

2 0 

2 0 

11 31 

14 80 

3 42 

3 13 

1 28 

11 38 

Propylene CsHe. 

15 0 

21 48 

4 5 

3 0 

3 0 

16 98 

14 80 

3 42 

3 13 

1 28 

11 38 

Butylene C 4 H 8 . . 

15 0 

28 58 

6.0 

4 0 

4 0 

22 58 

14 80 

3.42 

I 3 13 

1 L'S 

11 38 


1 “ Handbook Butane-Propane Gases,” 6th ed., p. 32, Western Business Papers, Los AnRelcs, 1943 


Under practic^ally all probable conditions of domestic use, a cylinder of liquid propane 
will deliver a continuous supply of gas at a pressure ample for its effective utilization. 

Normal butane boils at 33°F and, since its evaporation cools it somewhat, its 
liquid cannot be made to supply gas at a satisfactory pressure unless the suroundings 
of the container are at a temperature considerably above that point. Butane is 
therefore seldom used for domestic purposes, except in the South where it is usually 
stored underground in order that the heat for vaporization may be obtained from the 
ground in the colder weather. There it is extensively used, especially in the sparsely 
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Table 9-36. Tentative NGAA<» Liquefied Petroleum Gas Specifications 



Coiiiincrcial propane 

Coiiimercial butane 

Butane-propane mixtures 

Definition 

('Oiiimercial propane shall 
be a hydrocarbon prod¬ 
uct composed predomi¬ 
nantly of propane and/or 
propylene and shall be 
free from harmful quan¬ 
tities of deleterious sub¬ 
stances 

Commercial Vuitanc shall 
be a hydrocarbon jirod- 
uct composed predomi¬ 
nantly of butane and/or 
butylenes and shall be 
free from harmful quan¬ 
tities of deleterious sub¬ 
stances 

Butane-propane mixtures 
shall be hydrocarbon prod¬ 
ucts composed predomi¬ 
nantly of mixtures of bu¬ 
tane and/or butylenes 
with propane and/or pro¬ 
pylene and shall be free 
from harmful quantities of 
deleterious substances 

Composition 

The composition of com¬ 
mercial propane shall be 
at least 95 % propane 
and/or propvlene by liq¬ 
uid volume as determined 
by the combined results 
of the vapor-pressure and 
mercury-freezing tests 

No specification 

No specification 

Mercury freezing 
test 

1 

The residue as determined 
by the mercury-freezing 
test shall not be more 
than 2 % by volume 

No specification 

No specification 

Vapor pressure 

The vapor pressure at 
1()5°F as determined by 
the luiuefied petroleum 
gas vapor-pressure meth¬ 
od shall not be in excess 
of 225 psi 

The vapor pressure at 
105°F as determined by 
the li(]uefied petroleum 
gas vapor-pressure meth¬ 
od shall not be in excess 
of 75 psi 

The vapor pressure at 
105®F as determined by 
the liiiuefied petroleum 
gas vapor-pressure meth¬ 
od shall not be in excess 
of 225 psi 

Sulphur content 

The product shall be free of hvdrogen sulphide and shall not contain mercaptans or 
sulphur compounds of a corrosive nature. The unstenched produce shall not 
contain total sulphur in excess of 15 grains per hundred cu ft of vapor as deter¬ 
mined by the test for total sulphur in liquefied i>etroleum gases 

Water content. . . 

The product shall satisfac¬ 
torily pnss the standard 
cobalt bromide test 

The product shall be free 
of mechanically entrained 
water 

Tlie product shall be free 
of mechanically entrained 
water 

Odorizatiun. 

A sufficient quantity of an odorizing agent of such character as to indicate positively 
the presence of gas down to concentrations in air of not over one-fifth the lower 
limit of flammability by a distinctive odor shall be added by the manufacturer 

95 % boiling point 

No specification 

The quantity evaporated at a temperature of 34®F 
corrected to a barometric pressure of 740 mm Hg, 
shall be 95 % or more by volume, as determined by the 
open-cylinder weathering test 

Product designa¬ 
tion 

No specification 

No specification 

Butane-propane mixtures 
shall be designated by the 
vapor pressure at 100®F 
in psi. To comply with 
the designation the vapor 
pressure of the mixtures 
shall be within -1-0, —5 lb 
of the vapor pressure 
specified. For example, 
a product specified as 95 
lb liquefied petroleum gas 
shall have a vapor pres¬ 
sure of at least 90 lb but 
not exceeding 95 lb 


" National Gasoline Association of America, Tulsa, Okla. A pamphlet containing specifications 
and test methods is available. 
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Table 9-37. CNGA^ Liquefied Petroleum Gas Specifications 


CNGA standard grade 

A 

B 

c 

D 

E 

F 

Max range of vapor 







pressures, psi at 
lOO^F*. 

80 

100 

125 

150 

175 

200 

Range of allowable 







specific gravities, 
60®/60°F 

0 585-0 555 

0 560-0 545 

0 550-0.535 

0 540-0.525 

0 530-0 510 

0.520-0.504 

Composition'*. 

Prodomi- 

Butane- 

Butane- 

Butane- 

Propane- 

Predomi- 


nately bu- 

propane 

propane 

propane 

butane 

nantly 


tanes 

mixtures. 

mixtures. 

mixture. 

mixture. 

propane 



Largely 

Proper- 

Propane 

Largely 



butane 

tions ap¬ 

exceeds 

propane 





prox equal 

butane 



Residue and 90 per 

The residue of any liquefied petroleum gas shall not 1 

)e greater than 3 %. The 

cent evaporated 

90% evaporated temperature shall be stated with an accuracy of ±2.5®F 

temperature 







Sulphur content . 

The luiuefied petroleum gases shall contain no corrosive form of sulphur such 


as hydrogen sulphide or highly reactive mercaptans 


Water and other con¬ 

Liquefied gases shall contain no mechanically entrained water or other con- 

taminants 

taminants 






Odorization. . 

Every liquefied petroleum gas sold shall be so odorized by an agent of such 


offensivenoss that the presence of such odorized gas in air shall be positively 
indicated when its concentration therein exceeds one-fifth of the concentration 


at the lower limit of inflammability of such gas, except that such odorant shall 
not be reiiuired where it wull interfere seriously with a specific industrial use 


1 California Natural Ganoline Association, Los Angoles, Calif. Tentative standard test methods 
coverinK tests mentioned in the above specifications are available in pamphlet form. 

" The actual vapor jiressure at 100®F of the product may, m order to provide a inanufacturinK toler¬ 
ance, be 5 iier cent under the stated pressure, but m no event shall the actual vapor pressure exceed 
the stated vapor pressure. 

* When olefin constituents are components of the liquefied petroleum gas mixture, “butanes and 
butylenes” and “ propane and propylene” should bo understood, where applicable, instead of “butanes” 
and “propanes,” respectively. 

settled areas, because its low vapor pressure makes its delivery much less expensive 
than that of propane. The principal use for straight butane (61 per cent in 1946) is 
in the manufacture of synthetic rubber. 

Isobutane is somewhat more volatile than normal butane, with a boiling point of 
14°F as compared with 33°F. 

Pentane, because of its high boiling point (97®F), csti be used for supplying gas to 
individual dwellings only through such expedients as passing air under pressure 
through the pentane container and burning the resultant mixture of air and pentane 
vapor. This is sometimes accomplished by bubbling air through the liquid and 
sometimes by passing it over the surfaces which may be increased by wicks or their 
equivalent. Aside from this complication, such systems have the disadvantage of a 
variability of the mixture with variations in the temperature of the pentane. Usually 
the pentane tank is buried deeply in the groimd to reduce temperature changes, and 
several systems have devices for adding controlled amounts of air to produce mixtures 
of greater uniformity than that obtained by vaporization alone. 

Such pentane systems are essentially the same as the systems for supplying air 
saturated with gasoline which have been used in many places for 50 years or more. 
Old plants of this type can be used with pentane with an improvement in the constancy 
of the gas supplied. If the substitution of pentane is made, appliances will generally 
have to be readjusted to take more air into the burner because of the greater propor¬ 
tion of fuel in the mixture supplied to the burner. 

Hexane, a liquid boijing at 156®F, is one of the important constituents of ordinary 
gasbline. Gasoline itself is a mixture containing, in the main, still higher members 
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of the methane series of hydrocarbons, but also much hexane and appreciable amounts 
of pentane. 

Propylene and butylene are often associated with propane and butane from which 
they are not easily separated by distillation. The properties of propylene and 
butylene which affect their use as fuels are nearly the same as the corresponding 
properties of propane and butane; hence they are not always separated, in which 
case the liquid gases from refineries will contain both series of hydrocarbons. They 
have strong odors, and a moderate amount of them is frequently added to propane 
and butane to make the detection of leaks easier and to serve as a warning. 


Table 9-38. Typical Analyses of Propane and Butane^ 



Propane 

Butane | 

Butane- 
air mix 

Natural 

gas 

Refinery 

gas 

Natural 

gas 

Refinery 

gas 

Constituents, per cent by volume: 






Ethane (CaHa) . 

2 2 

2 0 




Propane (CsHa) 

97 3 

72.9 

6 0 

5 0 


Butane (CiHio) 

0 5 

0.8 

94 0“ 

66 7«> 

17 2 

Propylene (CsHe) 


24 3 




Butylene (Calltt) 




28.3 


Air . . 





82 8 

Sp gr 

1 55 

1 77 

2 04 

2 00 

1.16 

Btu: 






Gross . . 

2,.5.58 

2,504 

3,210 

3,184 

550 

Net 

2,3.58 

2,316 

2,961 

2,935 

516 


1 “Gaseous Fuels,” p. 32, AGA, New York, 1948. 
" 16 5 per cent isobutane; 50.1 per cent n-butane 
^ 23.3 per cent isobutane; 70.7 per cent n-butane. 



Temperature, deg F 

Fig. 9-14. Weight per gallon of liquefied petroleum gases at various temperatures. 
Handbook Butane-Propane Getees,^* 1948.) 

Use of Mixed Liquefied Petroleum Gases 

Fuel gases which have not been completely separated into their constituents, but 
remain mixtures, are practically as useful for enrichment of manufactured-gas sup- 
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plies as are pure hydrocarbons, but their use for domestic supplies involves consider¬ 
able difficulty. If such mixtures are allowed to evaporate in the cylinders, the gas 
first delivered is mainly the lowest boiling substance present in appreciable quantity; 
that delivered when the cylinder is nearly discharged is mainly the highest boiling 
substance. Such a variation in composition is too great to permit the satisfactory 
adjustment of appliances; hence liquid mixtures of this character are taken from the 
bottom of the container and vaporized in the line to the burner, usually in a specially 
arranged vaporizer which is sometimes heated by the burner itself, sometimes only by 
indoor air. No appreciable change in composition then results during the discharge 

of the cylinder. A mixture of this kind 
may contain enough ethane and propane 
to give a satisfactory working pressure. 
Otherwise, the pressure may be supplied 
by pumping air into the supply tank. At 
the best, a system supplied for a mixture 
cannot be regarded as being as satisfac¬ 
tory as a supply of commercially pure 
propane, although lower cost may justify 
its use. 

In some cases different mixtures have 
been supplied in summer and winter to 
more nearly equalize the pressure of the 
supply at the different seasons. When 
this is done, a considerable change in the 
conditions of combustion is unavoidable, 
and readjustments of the appliances may 
be required for satisfactory service. 

Use of Liquefied Petroleum Gases 
by Utilities^ 

If the appliances in use are properly 
designed for burning propane, and if the 
cost of the raw fuel can be justified, it is 
an ideal gas for a public supply, partic- 
Fig, 9-15. Batch evaporation of a mixture ularly in a small town. The equipment 
of 60 per cent normal butane and 40 per cent required at the distributing station is ex¬ 
propane by volume. (B. W. Evans, . i xu a* ^ 

PhOlipt Petroleum Co., in "Handbook of tremely simple and, with the exception of 
BxdanerProvane Gases'" 1948.) the tank in whic^h the liquid propane is 

stored, very inexpensive. Practically no 
labor or attendance is required in connection with production, since the vaporization 
of the liquid takes place automatically to meet any demand. Distribution is also 
simple and economical. No holder is needed, there is no condensation and no corro¬ 
sion in the mains, and the high heating value permits the distribution of the same 
amount of fuel through the same system with only about 11 per cent of the variation 
of pressure that, would be involved in the distribution of average manufactured gas. 
The product is of uniform composition, which, with uniform pressure, minimizes 
appliance adjustments. 

Plants for sending out mixtures of butane and air are also nearly automatic but 
require some power-driven machinery, demand more attention, and possess more 
possibilities for trouble than a propane system. 

1 Propano, Butane, and Kelated Fuels, NBS (Z/.8.) Letter Circ, 503, Sept. 1, 1937. 



Percent of liquid remaining in the tank 
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Choice of Liquefied Petroleum Gas Tjrpes. As systems-increase in size, from the 
domestic unit to those which supply large towns, the advantages of propane are of 
decreasing importance and the high initial cost of propane is of increasing importance. 
Small systems can therefore use propane more advantageously; for large systems the 
cost of the liquid hydrocarbon overbalances the superiority of propane in other 
respects and makes preferable the supplying of butane. For still larger systems the 
cost of butane becomes prohibitive in comparison with the cost of a manufacturing 
plant, and one of the older manufacturing processes becomes the most practical. 

Extent of Use by Manufactured-gas Companies. According to reports of the AGA, 
liquefied petroleum gas, as of May, 1947, was being delivered through mains to 
187,000 customers in 306 communities by 157 companies in 36 states. 

Butane-air gas and propane-air gas with heating value ranging from 520 to 1,600 
Btu per cu ft was supplied to 238 communities in 35 states. 

A mixture of undiluted butane and propane gas with heating value of 2,800 to 3,000 
Btu per cu ft was supplied 17 communities in Arizona, California, and New Mexico. 

Undiluted propane gas with heating value of 2,515 to 2,575 Btu per cu ft was 
supplied 51 communities in Maryland, Masschusctts, Minnesota, Missouri, Nebraska, 
New Jersey, North Carolina, North Dakota, Virginia, and Wisconsin. 

Use for Peak Loads. The use of liquefied hydrocarbons to supplement manufac¬ 
tured or natural gas during peak demands is very practical where the (;ost of such 
storage can be justified. If cither propane or butane is in storage, it can be introduced 
into the supply of the other gas without delay, at a rate equal to considerable plant 
capacity and with only a very negligible amount of additional labor. 

Admixture of Air to Liquefied Petroleum Gases 

While propane is usually distributed without dilution, it is necessary to add another 
gas, usually air, to butane in order to prevent condensation in the distributing system 
and to permit the entrainment of enough primary air in appliances. Unfortunately, 
there has been a tendency to carry this dilution to a heating value of 520 to 550 Btu, 
which is much too far. 

If a mixture of butane and air of 525 Btu per cu ft is supplied to an appliance 
adjusted for a coal gas of the same heating value, at such a pressure as to deliver the 
same cubic feet and heat units, the total air in the primary mixture will be about 
twice as mu(!h as is desirable. If the burners are adjusted for typical natural gas, 
the amount of air injected will be about 3.5 times the requirements. On the other 
hand, a 1,000-Btu mixture of butane and air will inject only slightly more air than is 
needed for best results when supplied to a burner adjusted for 525-Btu coal gas, and 
60 per cent more than is needed when supplied to a burner adjusted for typical natural 
gas. 

The large quantity of air delivered with the butane not only results in a troublesome 
problem in the utilization of the gas with existing appliances but involves expense for 
its own transmission. Excessive air incurs expense to transmit air from the plant to 
the burner and additional expense to prevent air already surrounding the burner from 
entering it. 

Actually, to use the same appliance without adjustment for average natural gas 
and a butane-air mixture, the heating value of the latter should be somewhat above 
2,000 Btu per cu ft. However, with the usual adjustments of orifices and air shutters, 
ordinary appliances will serve for butane-air mixtures of 1,000 to 1,500'Btu. 

The properties of butane, other than its ability to inject air, are such as to require, 
for best results, a burner substantially identical with the best burner for natural gas. 
Most such appliances are made to meet the standards of the AGA when tested with 
typical natural and manufactured gases. 
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in mixtures 



Gallons of butane or propane Temperature,deg. F 

required per Mcf 

Fig. 9-16. Properties of various Btu propane- and butano-air mixtures. (“G^aseous 
Fvdsr AGA, 1948.) 


Effect of Impurities in Propane 

If the gas is evaporated in the supply tank and drawn from the top, it is essential, 
that the liquid be propane of fairly high purity. Otherwise, a decided change in com¬ 
position will result during the discharge of the fuel. 

The presence of ethane in even small quantities may cause trouble from backfiring 
(flashing back) or blowing from the ports when a fresh cylinder is first connected. 

The presence of butane will result in improperly aerated flames and incomplete 
combustion, with production of carbon monoxide in possibly harmful amounts, 
particularly when the fuel is nearly exhausted. 

Using the AG A selected values for the permissible limits of the ^4ndex of change of 
performance of appliances” as a criterion, approximately 35 per cent of one hydro¬ 
carbon in the next hydrocarbon of the series should not make necessary a change 
of adjustment of the appliance. However, this relationship was derived for the 
permissible limits with the usually variable city supplies. The close adjustment of 
propane-burning appliances to their optimum condition is the only thing that makes 
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possible the superior efficiency of propane; hence no su(ffi variation as wide as this 
is compatible with the claims for the superiority of this fuel. 


Filling Liquefied Petroleum Tanks 

Pressure containers must never be completely filled with liquid or filled to a point 
where any normal temperature increase will cause them to be completely filled with 
liquid. The possibility that a cylinder will become liquid-full from a normal increase 
in liquid temperature is minimized through the proper use of '‘filling densities” set 
up by such authorities as the ICC and National Fire Prevention Association. 

Filling Density. The "filling density” is defined as the per cent ratio of the weight 
of the gas in a container to the weight of water the container will hold at 60°F. As 

Table 9-39. ICC and NFPA Maximum Filling Densities and Corresponding Maxi¬ 
mum Liquid Content at GO'^F for Liquefied Petroleum Gases of Various Specific 

Gravities 



Aboveground containers 

Underground containers 


0 -1,200 gal 

Over 1,200 gals 

All capacities 

LPG sp gr 







at eO^F 

Per cent 

Max LPG 

Per cent 

Max LPG 

Per cent 

Max LPG 


total of 

content at 

total of 

content at 

total of 

content at 


water 

60°F, volume 

water 

60°F, volume 

water 

60°F, volume 


cai)acity 

per cent 

capacity 

per cent 

capacity 

per cent 

0 473-0 480 

38 

80.4-79 2 

41 

86.7-85 5 

42 

88.7-87 5 

0.481-0 488 

39 

81 0-80 0 

42 

87.3-86 0 

43 

89 4-88.1 

0 480-0 495 

40 

81 9-80 9 

43 

88 0-86 9 

44 

90.0-88.9 

0 496-0 503 

41 

82 6-81 5 

44 

88 6-87 5 

45 

90.6-89.5 

0.504-0.510 

42 

83 4-82 4 

45 

89.4-88.3 

46 

91.4-90.2 

0 511-0 519 

43 

84.0-83 0 

46 

89 6-89 1 

47 

91 9-90.6 

0 520-0 527 

44 

84 6-83 5 

47 

90.4-89 2 

48 

92 3-91.1 

0 528-0 536 

45 

85 2-83 9 

48 

90.9-89 5 

49 

92 8-91.4 

0 537-0 544 

46 

85 6-84 6 

49 

91.2-90 1 

50 

93.0-92.0 

0 546-0.552 

47 

86.2-85 1 

50 

91.7-90.5 

51 

93 6-92.3 

0 553-0 560 

48 

86.8-85 7 

51 

92 2-91 1 

52 

94 0-92.9 

0 561-0 568 

49 

87 3-86 3 

52 

92.6-91.6 

53 

94 4-93.4 

0 560-0 576 

60 

87 9-86.7 

53 

93.1-91.9 

54 

94 9-93.7 

0 577-0 584 

51 

88 4-87 4 

54 

93.6-92.5 

55 

95 3-94.2 

0 585-0 592 

52 

88.9-87.8 

55 

94.0-92.9 

66 

95.8-94.5 

0.593-0 600 

53 

89.4-88.3 

56 

94.4-93 3 

57 

96.1-95.0 

0 601-0 608 

64 

89 7-88.8 

57 

94.7-93 8 

58 

96 4-95.4 

0 609-0 617 

55 

90 4-89.1 

58 

96 3-94 0 

59 

96 9-95.6 

0 618-0 626 

56 

90 6-89.6 

59 

96 5-94 4 

60 

97.1-96.0 

0 627-0.634 

57 

90.9-89 9 

60 

95 7-94 7 

61 

97 3-96.2 


applied to liquefied petroleum gas, the Interstate Commerce Commission has specified 
that "the liquid portion of the gas in an unlagged container shall not completely fill 
the container at 130°F, and in the case of lagged containers and underground con¬ 
tainers shall not be liquid full at 105®F.” The accepted code for both above- and 
imderground containers is shown as Table 9-39. Additional similar codes are avail* 
able for other types of tanks, such as tank cars. 

Use of Filling-density Tables. Filling-density tables show the permissible filling 
densities for the specific container for which the table applies^ as corresponding to the 
gravity of the filling material. This filling-density figure must be converted to volume 
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for |»^cti6al use. This is accomplished by dividing the proper filling-density value by 
the corresponding specific-gravity value at the filling temperature. 

Example. If the specific gravity of the material is 0.520 at 60°F and the corresponding 
filling density from the proper table is 44 per cent, the maximum volume at 60®F which 
may be placed in the tank is determined by dividing 44 by 0.520. In this instance, the 
tank can be safely filled to 84.6 per cent of its liquid capacity. 

Table 9-39 shows both the filling density in per cent of water capacity and the 
corresponding maximum liquefied petroleum gas content, for the types of tanks 

Table 9-40. Liquid Volume Correction Factors (NGAA, 1942) 








Specific gravities at 60°/60“F 






unBcrvw 
temp, 
deg F 

0.500 

Pro¬ 

pane 

0.510 

0.520 

0.530 

0.540 

0.550 

0.560 

Iso- 

butane 

0.570 

0.580 

n-Bu- 

tane 

0.590 

0.600 

n-Peii 

tane 
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specified. However, it is important to note the necessity for correcting gas volmnes 
to 60®F. This results in the following formula: 

1. Formula for calculaiing the maximum allowable volume of liquefied petroleum^ gas 
which can he placed in a container. 


S XC X 100 

where V “ maximum allowable volume, gal, of liquefied petroleum gas at tempera¬ 
ture T^F 

A = water capacity of tank at 60°F, gal 
F = filling density, per cent, from tables 
S = specific gravity of liquefied petroleum gas at 60°F 
C = temperature correction factor from temperature 7’°F to 60°F 

2. Alternate method of calculating the maximum permissible volume which can be 
placed in a tank. 

1 gal of water weighs 8.32828 lb. 

Given a tank of 10,000 gal capacity, the water-weight capacity of this tank would 
be 83,282.8 lb. 

Given a material of specific gravity of 0.520 and a corresponding filling density 
(from table) of 44.0 per cent, 83,282.8 X 0.44 = 36,644.4, the maximum weight of 
0.520 specific gravity material which can be placed in the tank. 

The weight of 1 gal of this material at 60°F is 8.3282 X 0.520, or 4.3307 lb. 

36,644.4/4.3307 = 8,460 gal, the maximum number of gallons of liquefied petroleum 
gas of 0.520 specific gravity at 60®F that can be placed in tank. 

Since this is a 10,000-gal tank, then 8,460/10,000 — 84.6 per cent of the tankas 
volume which can be filled. 

Note: If the liquefied petroleum gas is other than at 60°F, a correction must be 
made for the difference in volume in filling. 

Storing and Using Liquefied Petroleum Gas^ 

As liquefied petroleum gases arc highly inflammable and highly explosive, their 
correct handling and use should be thoroughly understood before any installation is 
attempted. 

Transportation. There are several reasons why transportation accidents involving 
liquefied petroleum gases can be more disastrous than those involving the transporta¬ 
tion of gasoline or other petroleum products. In the transportation of most petroleum 
products, the liquids are under very little pressure; while in the transportation of 
liquefied petroleum gases pressures as high as 220 psi (propane) have been reported. 
Such pressures increase the likelihood of rupture in case of collision. 

Spilled liquefied petroleum rapidly vaporizes and mixes with air to form an explosive 
mixture. If released in large quantities, even in open air, they expand rapidly in all 
directions, with the chance of ignition from even distant points (200 ft in the case of 
the Dennison, Tex., explosion of November, 1944). Once ignited, the area affected 
may be extensive, with an explosive force almost as violent as if confined. One gallon 
of liquefied petroleum liquid, when released into the air, will produce 250 gal of gas 
at atmospheric pressure; wIkui this is mixed with air at the explosive range, between 
2,500 and 5,000 gal of explosive mixture will be formed. 

Precautions in Domestic Use. Liquefied petroleum gases are normally under 
greater pressure in house piping than is usual for natural or manufactured gas; they 
form explosive mixtures in much smaller proportions with air; and the fact that they 
are heavier than air prevents their ready escape from a room, A leak so small that 

^ Propane, Butane, and Related Fuels, NBS {U.S.) Letter C%rc, 503, Sept. 1, 1937. 
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it would be ignored if manufactured gas were used is therefore hazardous. For this 
reason an ordinary job of ^'gas fitting'' will not do. It is preferable to use seamless 
metal tubing in a single piece from the supply outside the building to the appliance, 
if possible (copper is generally used). Regulators and pressure reliefs, if used, should 
be vented to a point from which a gas that flows downward will be least likely to 
enter the building. The storage containers and all connections must be protected 
from tampering, from the danger of breakage by ice sliding from the roof, from settling 
of the building or fuel container, from earthquake or storm damage, from collision 
with moving vehicles as in a driveway, from grass and trash fires, etc. Connections 
through which the liquid could be discharged if they were broken should be avoided 
if possible. If this is not possible, excess flow or reverse-flow check valves should be 
installed inside the storage container. 

Underground Storage. Storage underground is particularly hazardous unless 
elaborate precautions are taken. Underground leaks are hard to detect and repair. 
The density of the gas makes it tend to remain in underground channels instead of 
coming to the surface, and basement and foundation walls offer no protection against 
the entry of gas. Even more gerious is the hazard of corrosion of the storage tanks, 
since liquid can escape through any perforations in the bottom of the tank without 
reducing the driving pressure through refrigeration as would occur if gas escaped. 
The resulting spreading blanket of explosive mixture can become a fearful hazard to 
an entire community. There is no parallel to this in the storage of pentane or gasoline, 
because they are normally under no pressure, and perforation of the container results, 
at the worst, in the slow loss of the liquid by capillary filtration through the surround¬ 
ing soil, which soon tends to become saturated because evaporation can occur only 
as the heavy vapor is dispersed by diffusion with the immobile atmosphere in the soil. 


Table 9-41. Flow of Butane or Propane through Semirigid Tubing^ 

(In thousands of Btu per hour, 0.6 in. pressure drop) 



1 “Handbook Butane-Propane Gases,” p. 195, Western Business Papers, Los Angeles, 1945. 
® Propane specific gravity 1.53, 2,500 Btu per cu ft. 

* Butane specific gravity 2.00, 3,176 Btu per cu ft. 


Units of Sale 

Unlike natural and manufactured gas, which are usually measured and sold by the 
thousands of cubic feet (or by the therm or 100,000 Btu in the case of larger scale use), 
there is no accepted standard of either measure or sale for liquefied petroleum products. 
This gives rise to a wide variety of trade units of sale, a few of which are shown in 
Table 9-43. The National Conference of Weights and Measures is reported to be 
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Table 9-42. Selection of Tubing Size for Liquefied Petroleum Gas^ 

(OD size of copper tubing, type K soft drawn, inches) 


Gas load, Btu/hr. 

10,000 

20,000 

40,000 

60,000 

80,000 

100,000 

150,000 

200,000 

load, cu ft/hr 

4 

8 

16 

24 

31 

39 

59 

79 

Length of line, ft 









10 


He 

P 

hi 

hi 

H 

H 


15 

H 

hi 

H 

H 

hi 


20 

Ke 







25 


H 

hi 

H 



H 

30 


hi 


H 

H 


hi 

h 

hi 

40 


hi 


H 

H 

H 

hi 

50 



H 


II 


hi 

75 


s 


1 


1 

100 


H 


7 7 

1 

1 

150 


H 

hi 


ha 

1 



Note: Bends must be of sufficient radius to avoid reducing cross-sectional area. 
^ Prepared by Shellane Department of Shell Oil Co. 


Table 9-43. A Few Common Units of Sale of Liquefied Petroleum Gas^ 


Trade Unit of Sale 
On propane meters: 

Decitherms . 

Decithermus 

Essotanc Units 

Fast Flame Kiloflames .. 

Happy Cooking Standards 

Kilonamcs 

Kwhr. . 

Metered Ilomegas Units . 
Pottergas Units. 

Public Cas Kiloflames 
Pounds 

Shorgas Units 


Reported 


Reported 

Equivalent^ 

Trade Unit of Sale 

On propane meters: 

Equivalent, 

CuFt 

CuFt 

... 3 94 

Sungas Kiloflames. 

. 1 35 

3 85 

Vapyre Units . 

. 0 10 

0 85 

On butane meters: 


1 35 

Decitherms (a). 

Decitherms (b) . 

. 3 07 

0 85 

. 3 126 

1 35 

Kwhr . 

. 1.06 

1 35 

Gal . 

.32 0 

0 21 

Therms . ... 

.30 7 

0.21 

Lb . . . 

. 7.4 

1 35 

On mixed gas meters: 


8 5 

4 25 

Decitherms . 

.4.0 


Note: 1 cu ft propane contains approximately 2,522 Btu. 1 cu ft butane contains approximately 


3,261 Btu. 

1 Based on figures 
Pennsylvania. 


compiled by J. F. Blickley, Director, Bureau of Standard Weights and Measures, 


Table 9-44. Amount of Propane or Butane Required to Replace Other Fuels 

[Assuming equal combustion efficiencies (see text)] 




- 1 

Mfg gas 

Natural gas 

No. 2 oil 

Anthracite 

Electricity 


Btu 

Mcf 

Mcf 

Therms 

Gal 

Tons 

Kwhr 

Reciprocal 



525,000 

1,000,000 

100,000 

141,800 

26,000,000 

3,413 

a 

Propane: 









21,680 

24.21 

46 12 

4 61 

6 54 

1,200 

0.1574 

6 35 

Therms 

100,000 

5 25 

10 

1 

1 42 

260 

0 0341 

29.30 

Gal . 

91,900 

5 71 

10.88 

1 09 

1 53 

283 

0.0371 

26 93 

Mcf . . 

2,572,000 

0.20 

0 39 

0.039 

0 055 

10 

0 0013 

754 

Butane: 








Lb 

21,330 

24 61 

46 88 

4 69 

6 65 

1,219 

0 1600 

6 26 

Therms .. 

100,000 

5 25 

10 

1 

1 42 

260 

0 0341 

29 30 

Gal ... 

103,400 

5 08 

9 67 

0 97 

1 37 

252 

0 0330 

30.30 

Mcf .. 

3,394,000 

0 155 

0 295 

0 03 

0 042 

7 66 

0 0010 

994 


" To avoid decimals, the second electrical column is the reciprocal of the first. The figures shown 
therein thus are the number of kilowatt-hours of electricity required to equal the various gas units as 
shown at the extreme left. With this exception, the table is used as follows: 

Example (1) 5.25) therms of propane, at 1()0,000 Btu, would be required to equal 1,000 cu ft of 
manufactured gas at 525,000 Btu; or (2) 1,219 lb of butane, at 21,330 Btu, would be required to equal 
1 ton of anthracite at 26,000,000 Btu. 
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studying this matter and further to favor universal measure by volumetric meters 
and sale in units of cubic feet. It is thus possible that this situation will be changed 
in the near future. 

Regulations for Liquefied Petroleum Gas Installations 

The following rules for the installation of bottled gas cylinders, tanks, and house 
piping have been published by the Accident Prevention Division of the Association 
of Casualty and Surety ('ompanies, New York. 

Cylinders 

1 . All cylinders should be constructed, tested, maintained, and regularly retested 
according to the requirements of the Interstate Commerce Commission. 

2. Cylinders should be located outside of buildings, aboveground, away from 
windows and doors. Although accessibility is essential, care should be taken not to 
place cylinders too near driveways or at ^^blind’^ corners where they might be struck 
by passing vehicles. 

3. To avoid the dangers of settling, the cylinder should be set on concrete founda¬ 
tions. Provision should be made for proper drainage of water from and around the 
foundation to prevent its settlement. The connections from the cylinder to the 
fixed piping should be of flexible type to prevent breaking of the connections due to 
foundation settlement, or from the movement of cylinders during replacement, 
recharging, or weighing operations. 

4. All cylinders should be provided with fusible plugs or spring-loaded safety- 
relief valves or both as required by the Bureau of Explosives. The discharge from 
these safety devices should be at least 5 ft horizontally away from any building 
openings which arc below the level of such discharges, as, for example, cellar windows. 
Such discharges should not terminate in any building or beneath any building unless 
such space is well ventilated to the outside. 

5. Cylinder valves, manifolds, and regulator assemblies should be protected from 
rain, snow, or ice and from being tampered with by (ihildrcn or unauthorized persons. 
Ventilated metal hoods or cabinets of the lock-up type offer suitable protection 
against these exposures. 

6 . The ground around cylinders should be kept free of combustible materials such 
as long grass, weeds, brush, leaves, and paper to prevent exposure to possible fires 
from these sources. The burning of rubbish should not be done in the vicinity of 
cylinders. Other sources of ignition such as electric wires, electrical apparatus, and 
unprotected electric lights should be kept away from cylinders. 

7. The changing or charging of cylinders should be done only in daylight. Open 
flames, smoking, or the running of motor-vehicle engines in the vicinity should also 
be prohibited during such operations. If the engine of the truck is being used to 
operate the liquid pump in the filling operations, the truck should be parked at least 
15 ft from the cylinders being filled. If emergencies require cylinders to be charged 
or changed at night the use of oil or gas lamps or lanterns should be avoided. An 
Underwriters^ Laboratories approved electric flashlight could be used, but it is better 
to provide a permanent electric light remotely located. All electrical equipment 
should be approved for Group D, Class /, hazardous locations of the National Elec-^ 
trical Code. The lights should be so located that the cylinders, regulating valves, and 
ground nearby are well illuminated when needed. 

8 . Cylinders which are recharged at the point of utilization should be provided 
with excess flow or back-pressure check valves to prevent discharge of the contents 
of cylinders in event of failure of the filling or equalizing connections. If the contents 
of such cyliiiders are not determined by weighing they should be equipped with accur¬ 
ate liquid-level gauging devices approved by the ICC Regulations. It is highly 
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important that the servicemen be cautioned not to fill these cylinders beyond the 
point indicated by the gauging device. 

Tank Installations , 

1 . Both above- and belowground tanks are employed in domestic installations. 
Where used, tanks should be constructed and tested in accordance with the require¬ 
ments of the ASME or ASME^API Codes for Unifired Pressure Vessels, 

2. Aboveground tanks should be located away from buildings or the lines of 
adjoining properties at distances described by Pamphlet 58 of the Naiional Board of 
Fire Underwriters (Table 9-45) or by the governing authorities. When selecting a site, 
consideration should be given to accessi¬ 
bility so that tanks can be readily serv¬ 
iced from tank trucks. Their location, 
however, should be such that they are 
not unduly exposed to passing vehicles. 

3. Aboveground tanks should be 
coated with a reflecting paint. 

4. The fire precautions suggested in 
connection with cylinder installations in 
paragraphs 6 and 7 above apply also to 
aboveground tank installations. 

5. The first step in deciding upon a 
site for an underground tank is to locate 
active or abandoned house drains, sewer 
mains, and water mains. The tank 
should not be buried near such under¬ 
ground piping because leakage from the 
tank or fittings may follow such piping 
into the buildings. 

6 . When it is necessary to bury tanks 
in corrosive soils, the shells and heads 
should be of thicker metal than in the 
case of surface tanks. Moreover, if the 
ground is very corrosive, tanks should be 
encased in concrete. 

7. A firm foundation is necessary, 
and the surrounding soft earth or sand 
should be well tamped. In preparing a 
tank excavation, it is suggested that 5 or 
6 in. of sand be placed and tamped in the bottom of the hole upon which the tank 
can rest. 

8 . All buried tanks, prior to being placed underground, should be given a pro¬ 
tective coating equivalent to hot-dip galvanizing or to two preliminary coatings of 
red lead, followed by a heavy coating of coal tar or asphalt. Before a tank is lowered 
into the excavation, it should be carefully examined to make sure there are no spots 
where this protective coating has been damaged. A bare spot will invite corrosion, 
and in a comparatively short time leakage will develop. Bare spots should therefore 
be cleaned and repainted. The container should be lowered so as to prevent abrasion 
or other damage to the coating. After the tank is lowered, the filling should first be 
of soft earth containing no hard earth, pebbles, or rocks that might injure the coating. 

9. If the job of placing the tank is not completed in one operation, the excavation 
should be guarded by substantial barriers. Furthermore, such excavations should be 
posted with suitable warning signs, and they should be illuminated at night. 


Table 9-46. Permissible Location of 
Liquefied Petroleum Gas Storage 
Tanks^ 


Water capacity 
per container, 
gal 

Min distance, ft 

Distance 

between 

above¬ 

ground 

containers, 

ft 

Under¬ 

ground 

Above¬ 

ground 

Less than 125... 

10 

None 

None 

125-500 . 

10 

10 

3 

601-1,200 ... 

25 

25 

3 

Over 1,200 

50 

50 

5 


Notes: In cases of bulk storage In heavily 
populated or conjested areas, the inspection 
department having jurisdiction shall determine 
individual restrictions. 

In the case of buildings devoted exclusively to 
gas manufacturing and distributing operations* 
the above distances may be reduced, provided 
that in no case shall containers of capacity exceed¬ 
ing 500 gal be located closer than 10 ft to such 
buildings. 

Any container used in domestic or commercial 
service, where transfer of liquid is made from such 
containers to portable containers, shall be located 
not less than 50 ft from the nearest building. 

Readily ignitible material such as weeds and 
long grass shall be removed within 10 ft of any 
container. 

1 National Board of Fire Underwriters Pamphlet 
58, p. 5, 1947. 
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10. Before underground tanks are installed, a check should be made to see that 
fittings are tight and suitably protected against damage. If fittings cannot be pro¬ 
tected, extra care should be taken in lowering tanks. 

11 . Tanks buried underground should be placed so that their tops are below the 
established frost line, but in no case less than 2 ft below the surface of the ground. 
When necessary to prevent floating where high ground-water levels occur, tanks 
should be securely anchored or weighted. 

12. Both aboveground and buried tanks should be fitted with spring-loaded safety- 
relief valves, and these valves should be arranged to afford free vent to the outside 
atmosphere with the point of discharge not less than 5 ft horizontally away from any 
openings into buildings which are below such discdiarge. 

13. Liquid-level gauging devices should be provided on all tanks. Such devices, 
other fittings, and piping should meet the requirements of the latest revision of 
National Board of Fire Underwriters Pamphlet 58 or that of the governing authorities 
having jurisdiction. 

Domestic Piping 

1 . The systems for domestic service are of two general types, one in which the fuel 
enters the building as a gas, and one in which it enters as a liquid. In the latter sys¬ 
tem, the liquid is vaporized in a special vaporizer or in the burner itself by means of a 
preheater section. Such systems are considered more hazardous than systems in 
which only gas enters the building. 

2. In domestic installation, no liquid or gas should enter buildings at more than 
20 psi. Containers and first-stage regulating equipment should be located outside 
buildings other than those specially provided for the purpose. 

3. Piping, fittings, and valves should be of a typt'd approved for use with liquefied 
petroleum gases. Wrought iron, steel, brass, or copper pipe or seamless copper, 
brass, or other approved nonferrous gas tubing can be used. (Aluminum tubing is 
prohibited by National Board of Fire Underwriters Pamphlet 58 in exterior locations 
or where it passes through masonry or plaster walls or insulation.) All piping should 
be suitable for a working pressure of not less than 125 psi. Piping and fittings should 
be extra heavy up to the first pressure-reducing valves so as to withstand the pressure 
in the tank. 

4. All screwed valves, fittings, or other connections should be sealed against leakage 
by a pipe-joint compound that will provide a pure nonmetallic film. The compound 
should provide protection against corrosion or deterioration, making a perfect seal, 
not taking a permanent set; make it possible to remove valves or fittings at any time 
without damage; not be soluble in water, oil, or liquefied petroleum gas; and with¬ 
stand a pressure of 250 psi. Ordinary pipe dope should not be used. Joints on gas 
tubing should be made by means of approved gas-tube fittings. 

5. All systems should be tested and listed by Underwriters' Laboratories, All sys¬ 
tems should be checked by competent installation men and should be inspected and 
approved by enforcing authorities (if any) having jurisdiction before they are placed 
in service. 

Safety in Handling 

‘‘Handbook of Butane-Propane Gaseslists the following properties of liquefied 
petroleum-gases as ones which should be understood for the purpose of promoting 
safety in usage and for intelligent action in handling this fuel: 

1. The gas or vapor is heavier than air. 

2* The vapor or gas will diffuse into the atmosphere very slowly unless the wmd 
velocity is high. 

3. Open flames will ignite air-gas mixtures which arc within the lower and upper 
inflammable limits. 



RETORT COAL QAS 


303 


4. Gas-air mixtures may be brought below the inflammable limit by mixing with 
large volumes of inert gases such as nitrogen, carbon dioxide, or steam. 

5 . Fine water sprays rediuic the possibilities of igniting gas-air mixtures. * 

6 . The vapor pressure of this fuel is greater than that of gasoline. It is safely 
stored only in closed pressure vessels built according to regulations and equipped with 
safety devices as required. 

7. Liquids in open vessels will evaporate to form combustible mixtures with air 
even if the atmospheric temperature is many degrees below the boiling point. 

8 . The rapid removal of vapor from the tank will lower the liquid temperature 
and reduce the tank pressure. The rapid removal of liquid will not reduce the tank 
pressure. 

9. The liquids will expand in the storage tank when atmospheric temperature 
rises. Storage tanks must never be filled completely with liquid. Refer to regulations 
showing outage required or filling density of storage tanks. 

10 . Liquid obtained from storage tanks will freeze the hands on contact, even if 
gloves are worn. This is due to the rapid absorption of heat by the liquid on vaporiza¬ 
tion in the open. 

11 . Condensation will occur in gas-distribution lines when surrounding tempera¬ 
tures are below the boiling point of the liquid. 

12 . The liquefied petroleum gases are excellent solvents of petroleum products 
and rubber products. Special pipe-joint compound and rubber substitutes are avail¬ 
able for use in distribution systems. 

Further References on Storing and Using Liquefied Petroleum Fuels 

The National Board of Fire Underwriters and the National Fire Protection Associa¬ 
tion have jointly endorsed regulations and good-practice requirements dealing with 
the storage of liquefied petroleum gas and the installation of liquefied petroleum 
systems. These include: ^‘Regulations for the Design, Installation, and Construc¬ 
tion of C^ontainors and Pertinent Equipment for the Storage and Handling of Liquefied 
Petroleum Gases,’’ “Regulations C^overing the Installation of Compressed Gas Sys¬ 
tems Other Than Acetylene for Lighting and Heating,” “Requirements for the Con¬ 
struction and Prote(!tion of Tank Trucks and Tank Trailers for the Transportation 
of Liquefied Petroleum Gases,” and “C/ode Covering the CWstruction and Installa¬ 
tion of Liquefied Petroleum Gas Systems Intended for Enforcement by Fire Marshals 
and Other Public Safety Agencies.” (These codes and regulations are available 
through the National Fire Protection Association, Boston, Mass.) 

Also the Accident Prevention Division of the Association of Casualty and Surety 
Executives, New York, has published an excellent series of pamphlets on the safety 
phases of licjuefied petroleum gas. These include: “Liquefied Petroleum Gas—What 
It Is—How It Acts,” “Safe Operation of Motor Vehicles Transporting Liquefied 
Petroleum Gases,” “Safe Motor Vehicles and Equipment for Transporting Liquefied 
Petroleum Gases,” “Safe Use of Liquefied Petroleum Gas as Fuel for Automotive 
Vehicles,’' “Safe Design and Operation of Central Plants for Liquefied Petroleum 
Gas Utility Service,” “Safe Use of Liquefied Petroleum Gas in Industry,” “Safe Use 
of Liquefied Petroleum Gas in Domestic Installations,” and “Safe Storage, Transfer, 
and Distribution of Liquefied Petroleum Gas.” 

RETORT COAL GAS 

Types of Equipment.^ Where gas rather than coke is the primary product desired, 
as in municipal gas plants, one of several types of coal-gas retorts is frequently used. 

In the early days of the gas industry, small D-shaped horizontal retorts (capable 

^ Hablam, Robert T. and Robert P. Russell, ** Fuels and Their Combustion,” p. 685, McGraw- 
Hill Book Company, Inc., New York, 1925. ‘ 
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of taking a charge of 400 to 500 lb) stopped at one end were widely used. These 
retorts were inefficient, had high operating charges, and were subject to excessive 
naphthalene deposits. 

Newer, larger, through typos of D-shaped retorts, both horizontal and inclined, 
are subject to the same disadvantages, though to a lesser degree. They are retained 
mainly in small plants because of low first cost and flexibility. 

The vertical retort was the next step in the evolution. These retorts, cither inter¬ 
mittent or continuous in operation, permit automatic coal feed and gravity discharge 
of the finished coke. They can compete with the by-product coke oven in thermal 
efficiency and recovery of by-products. The fact that the coke produced cannot be 
used for metallurgical purposes is offset by the greater flexibility of the retort. The 
thermal yield of the gas is greatly increased by passing steam through the incandescent 
coke. In continuous vertical retorts, the constant movement of the coke through the 
retort is apt to result in a preponderance of small sizes. 

Types of Gas Produced.^ As is shown in Table 9-46, the types of gas produced in 
the different coal-gas retorts differ but slightly except that the gas from vertical 
retorts generally has a lower heating value, a higher percentage of hydrogen, and, 
possibly, a higher percentage of carbon monoxide because of the practice of steaming 


Table 9-46. Typical Analyses of Retort Coal Gas^ 


Type of retort 

CO2 

O2 

N2 

GO 

112 

CH4 

C4H10 

i 

Sp gr 

Btu/cu ft 

Gross 

Net 

Horizontal 

2 4 

0 8 

11 3 

7 4 

48 0 

27 1 

3 0 

0 47 

542 

486 

Inclined. 

1.7 

0 8 

8 1 

7 3 

49 5 

29 2 

3 4 

0.47 

599 

540 

Continuous vertical. 

3.0 

0 2 

4 4 

10.9 

54 5 

24 2 

2 8 

0 41 

532 

477 

Intermittent, vertical. 

1.7 

0 5 

8 2 

6 9 

49 7 

29.9 

3 1 

0 42 

540 

482 

Intermittent vertical chamber 

2 1 

0 4 

4 4 

13 5 

51 9 

24 3 

3.4 

0.40 

520 

466 


i Shnidmax, L., Editor, “Gaseous Fuels,” p. 32, AGA, New York, 1948. 


Table 9-47. Typical Horizontal Coal-gas-retort Operation^ 



Yield per ton of 
coal charged 
(14,140 Btu/lb) 

Yield, per 

1 Heating value in products 


cent by 
weight of 
coal 

Per cent 
of coal, 
Btu 

Per cent total 
Btu in fuel 
used 

Coal gas (saturated at 60°F). 

12,000 cu ft (540 
Btu/cu ft) 

21 10 

22.90 

20.56 

Tar (16,000 Btu/lb). 

11 3 gal (113 lb) 

5 65 

6.39 

5.74 

Ammonia. 

5 01b 

0 25 

0 20 

0 17 

Coke (dry). 

1,370 lb (12,950 
Btu/lb) 

68.00 

62.73 

65.30 

Losses (by difference). 


5 00 

7.78 

7 03 

Total. 


100.00 

100.00 

89.80 

10.20 

Coke used in producers for heating retorts 
Net coke, including breeze. 

250 lb 

1,120 lb 

55 0 

60 4 


Notb: These results are probably better than those obtained in small plants. Producer fuel may be 
309 lb per ton of coal carbonized, and the tar and gas yields may be 10 to 20 per cent less than shown. 
1 SaxiDMAN, L., Editor, “ Gaseous Fuels,” p. 43, AGA, New York, 1948. 

> Shnidman, L., Editor, “ Gaseous Fuels,” p. 43, AGA, New York, 1946. 
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the retorts. Vertical retorts yield moi^ ta(r and ammonia when the amount of 
steaming is increased. The analyses shown- in Table 9-46 are those pf the finished 
gases as served to the customer; actually, as the gas comes from the retorts, it contnins 
other components which are removed before distribution. 

Typical results for a coal-gas plant operating horizontal retorts using a waste-heat 
boiler and making more than 2 million cu ft of gas daily are presented in Table 9-47. 
Light oil was not recovered separately. 

BLAST-FURNACE GAS 

One by-product from the operation of a blast furnace used in the manufacture of 
pig iron is called blast-furnace gas. It is derived from the partial combustion of 
coke. Because of the high temperatures needed for making iron, the gas contains 
27 per cent carbon monoxide and over 70 per cent of inerts, giving it the lowest heat¬ 
ing value of any of the commercially used gases. It has certain applications such as 
the operation of gas engines, heating by-product coke ovens, as well as for crude 
heating, for steel-plant heating and steam raising. Table 9-48 shows typical analyses 
of this gas. 


Table 9-48. Typical Analyses of Blast-Furnace Gases ^ 


Constituents, per cent by volume: 







Carbon dioxide . 

14 5 

13 0 

15 6 

8 7 

5.7 

6 0 

Carbon monoxide. 

25 0 

26 2 

23 4 

32 8 

34 0 

27.0 

Nitrogen . . . . 

57 5 

57 6 

59 3 

56 5 

59 0 

60 0 

Hydrogen . 

3.0 

3.2 

1.7 

1 8 

1 3 

2.0 




0.1 

0 2 


5 0 

Density, Ib/cu ft. 

0 0775 

0.0768 

0.0788 

0 0759 

0.0749 

0.0731 

Btu/cu ft: 







Higher . 

88 

93 

80 

111 

111 

141 

Lower. 

87 

91 

79 

110 

111 

135 

Btu/lb: 







Higher . 

1,140 

1,208 

1,012 

1,463 

1,487 

1,932 

Lower . 

1,122 

1,188 

1,002 

1,449 

1,478 

1,850 

Atmospheric air at zero excess air (lb/10* 







Btu) . 

574 

574 

565 

577 

573 

627 

CO 2 at zero excess air, per cent. 

26 4 

25 7 

26 9 

25 3 

24 0 

20 0 


1 “ Combustion Engineering,” p. 25-12, Combustion Engineering-Superheater Corp., New York, 
1947. 


SEWAGE GASESi 

Sewage sludges can be digested in appropriate equipment to produce a sewage gas 
averaging about 600 to 700 Btu per cubic foot. The general composition of sewage 


Table 9-49. Composition of Typical Sewage Gases 


1 

City 

CO 2 

O 2 

I - 

Ha 

CH 4 ! 

1 

Na 

Btu/ 
cu ft 

Chicago, III.. 

14 7 

0 5 


76 6 

8 2 

776 

Decatur, III. ... 

22.0 


2 

68 0 

6 

690 

Grand Rapids, Mich 

33.5 



65 4 

1 1 

660 

Rochester, N.Y. 

30 0 

6.6 

6.6 

66 0 

4 0 

670 

Toronto, Ontario 

28 0 

1.8 

3 7 

58 5 

8 0 

600 . 

Stuttgart, Gerinanv 

14 0 

0 

4.7 

75 5 


770 

Birmingham, England 

30.0 

0 0 

0 0 

1 

67 0 1 

ill 

680 


1 Shnidman, L., Editor, loc. cit., p. 46. 
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gas is about two-thirds methane (CH 4 ) and one-third carbon dioxide (CO 2 ), but a 
more complete analysis is given in Table 9-49. 

The amount of this gas produced in typical sewage-digesting equipment varies 
from 0.3 to 1.0 cu ft per capita of population per day. The gas, by reason of its high 
inert content, has a slow rate of flame propagation. It will contain approximately 
0.1 per cent of hydrogen sulphide (H 2 S) by volume, but this figure may run higher 
with consequent increase in the difficulty of using the sewage gas in gas engines or 
under boilers.^ 

SYNTHESIS GAS2 

The large-scale industrial utilization of chemical synthesis processes imposed on 
gas manufacturers, for the first time, the requirements of producing gases of a certain 
composition suitable for the synthesis.^ The hydrogenation of solid and liquid fuels 
by the Bergius process for the purpose of synthesizing gasoline and lubricating oils, 
and also the synthesis of ammonia, required a high per cent of hydrogen in the gas; 
on the other hand, the Fischer-Tropsch process needs a carbon monoxide-hydrogen 
ratio in the very definite proportions of 00:02 = 1:2. The latter ratio is commonly 
considered a standard for synthesis gas, although, as has been shown, this requirement 
may vary with the process involved. 

Usually, the production of gases high in hydrogen starts with the familiar water- 
gas process, which, in addition to the disadvantage of intermittent working and the 
unavoidable use of high-grade fuel, has the further drawback that it yields a gas con¬ 
taining too high a proportion of carbon monoxide. This gas, in which the (^0:Il2 
ratio amounts to almost 1:1, must thus be converted, as with the addition of steam. 
The carbon monoxide and the steam react to form hydrogen and carbon dioxide, 
the latter being removed. By regulating the amount of carbon monoxide reacting, 
it is possible to obtain a synthesis gas of the desired composition. 

Pressure gasification enables the formation of carbon monoxide to be restricted 
from two angles—through the gasification temperature and the prcissiire. 

Practical tests for the production of a carbon monoxide-hydrogen gas mixture, 
suitable for the Fischi^r synthesis, showed that the gasific.ation of low-temperature 
coal coke under a positive gasification pressure of 121 psi with a gasification medium 
of oxygen and steam yields a crude gas as shown in Table 9-50. In this gas the carbon 
monoxide and hydrogen are in the proportion of 1:2 desired for the synthesis. The 
sum of CO -f- 02 amounts to about 92 per cent of the gas mixture. According to 
earlier views, the methane is a disturbing factor, but later investigations into its 
influence in the benzene synthesis have shown that the presence of methane does not 
impair the reaction. 

Proceeding still further, the formation of carbon monoxide may be reduced so 
extensively, by an increased addition of steam, that a pure gas containing 70 to 75 
per cent of hydrogen and only 15 per cent of carbon monoxide is produced. This 
gas is excellently suited for the synthesis of ammonia and for hydrogenation. 

In the production of synthesis gas, the advantages of pressure make themselves 
felt in the purification and cooling of the gas. In the scrubbing with water under 
pressure, in particular, the hydrogen sulphide is removed together with carbon dioxide, 
to such an extent as to obtain the purity of town gas. Tests also show that the 

1 Further details on sowaj^e gas can be found in Metcat.f, Leonard, and Harrison P. Eddy, “ Ameri¬ 
can Sewerage Practice/’ Vol. Ill, McGraw-Hill Book Company, Inc., New York, 1935. On the use 
of sewage gas, refer to W. H. Fulweiler, Sewage Works J., vol. II, p. 444, 1930. Articles on the use 
of sewage gas in engines include Power, vol. 120, 1936; Eng, News-Record, vol. 108, p. 283, Feb. 25, 1932; 
vol 113, p. 626. Nov. 15, 1934. 

* See section in Chap. 8 on Synthetic Fuels for methods of manufacture. 
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removal of organic sulphur, to attain synthesib purity, may also be substantially 
simplified by the employment of pressure.^ 


Table 9-60. Analysis of Synthesis Gas^ 



Crude 

gas 

Pure 

gas® 

Constituents, per cent: 
Carbon dioxide. 

29.3 

1 0 

Carbon monoxide 

21 9 

30 7 

Hydrogen . 

44 0 

61 6 

Methane. 

3.3 

4.6 

Nitrogen. 

1 5 

2.1 

Co: Ha ratio. 

1:2 01 

1 :2.01 

CO + Ha amount, per cent. 

65 9 

92 3 


1 Danulat, Dr. Inq. Friedrich, “ The Pres¬ 
sure Gasification of Solid Fuels with Oxygen,” 
Lurgi Gesellscliaft flir Warmotechnik. nub.H., 
Frankfurt-ara-Mam. 

« After removal of carbon dioxide by scrubbing 
with water under pressure. 


Methods of Manufacturing Synthesis Gas from Coal^ 

In the gas-synthesis process, the purified synthesis gas accounts for about 70 per 
cent of the cost of the finished product; in the hydrogenation process the cost of the 
compressed hydrogen represents one-half to one-third of the total cost of the product. 
Coal gasification to produce synthesis gas or hydrogen is thus one of the most impor¬ 
tant problems in converting coals to synthetic liquid fuels. 

To date, all synthesis gas produced commercially in this country has been obtained 
by gasifying by-product coke in standard water-gas machines. There are several 
objections to continuing this practice for the production of synthetic liquid fuels: 

1. Coking coals in enormous quantities would be required for a large synthetic- 
fuel industry, and such relatively scarce coals should be conserved for the manufacture 
of metallurgical coke or other preferred uses. 

2. Noncoking coals form a large part of the country's coal reserves. 

3. A substantial reduction in costs appears to be possible by directly gasifying 
coal rather than by first coking it and then gasifying the coke. 

Although virtually all the suggested processes for directly gasifying coal are in the 
experimental stage, the following are attracting the most research attention: 

1. Gasification of powdered coal in an atmosphere of oxygen and steam. This 
process is expected to be the one most independent of coal characteristics. 

2. Gasification in a fluidized bed in an atmosphere of steam and oxygen. 

3. Gasification in an externally heated retort (Parry process, see Synthetic Fuels 
section in Chap. 8 for further description. 

4. Lurgi pressure gasification, requiring a reactive, noncoking, sized fuel (see 
section on Synthetic Fuels). 

5. Fixed-bed process such as experiments at Battelle Memorial Institute, Colum¬ 
bus, Ohio. 

6. Underground gasification, as at Gorgas, Ala. (U.S. Bureau of Mines and Ala¬ 
bama Power & Light Co.). 

1 Ditnulat, Dr. Ing. Friedrich, ” The Pressure Gasification of Solid Fuels with Oxygen,” Lurgi 
Gesellschaft ftir Wfirnietechnik. m.b.H., Frankfurt am Main. 

* Doherty, J. D., AIME-ASME Joint Fuels Conference Technical Paper, White Sulphur Springs, 
November, 1948, as published in Tran$. AIMS, April, 1949, pp. 116-124. 
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7. Low-temperature Carbonization (see Synthetic Fuels section). Frequently 
mentioned as a source of synthesis gas and giving the following typical yield: 


Yidd 

Coke, lb. 1,400-1,600 

Gas (Btu 800 to 1,000), cuft .. .. 3,000-5,000 

Tar, gal.t. 20-30 

Light oil for motor fuels, gal. 2 5-30 


While a combination with synthesis plants is possible, the Bureau of Mines believes 
the direct gasification of bituminous coal to have advantages of lower costs and wider 
application to the different coals available. 

MIXED GASES 

Physically, all the gases in this section may be mixed in any proportions without 
causing any chemical interaction between components. However, the factors which 
limit the extent to which any given combination of gases can be mixed without 
causing difficulty in gas-appliance operation are both varied and complex. The AGA 
has made an extensive study of this matter and discusses the several factors in detail 
in Chap. VIII of Gaseous Fuels.As this is too involved for handbook treatment, 
reference is made to that work for the effect of mixing gases. 
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ELECTRIC HEATING 


Electric Resistance Heating^ 

Resistance heating has been applied to describe the method of passing electric 
current through a resistance material and transforming this heat by means of conduc¬ 
tion, convection, and radiation. 

Advantages include inherent efficiency of virtually 100 per cent in converting 
electric power into heat energy, high thermal efficiency in transferring this heat to the 
work, ready adaptability to standard power circuits, moderate investment cost, and 
reliable service. 

Disadvantages include limitations to temperatures well below those required for 
some purposes; limitations in density of heat input where great (;on(!entration of heat 
energy is required; and its inability to heat uniformly some materials, such as dielec¬ 
trics, except by slow conduction through their mass. 

Resistance heating elements are made in various sizes and shap(\s according to us('. 
The most popular are exposed resistors of nickel-chromium wire or ribbon, revsistors 
embedded in compressed refractory powder within metal sheath enclosures, and 
heavy-duty wire or ribbon supported by preformed refractory insulators. Kxposf'd 
resistors deliver heat by either convection or radiation; sheathed nvsistors depend 
largely upon conduction. 

Factors of Design. The more important factors of design include the required 
maximum kilowatts per hour, the maximum permissible temperature for the heated 
surfaces in contact with the work being heated, the total area of the heated surface 
needed to allow the requircjd energy input without exceeding the permissible maximum 
temperature, the watt density necessary to dediver the requin'd energy input, corro¬ 
sion, time factor, insulation, controls, and the maximum safe temperatures of the 
heating elements. 

Watt Density. The selection of a proper watt density is of prime importance. 
Each material being heatcnl has its own critical temperature and its own maximum 
rate of satisfactory heat absorption. These factors govern the selection of the per¬ 
missible surface temperature in contact with the work. The permissible watt density 
depends on the capacity of the work matcirial to absorb heat. For instance, molasses 
cannot be heated with so high a watt density as water, and even water varies accord¬ 
ing to its content of lime or other substances. Values of watt densities frequently 
used in practice are given in Table 10-1 with the caution that they are valid only 
when used in conjunction with correct over-all design. As isolated values, they are 
worthless. 

Temperature of Heating Element. The temperature of a heating element depends 
on the watt density per unit of surface; the maximum heat gradient between the 
element and the work; and the maximum ambient temperature of the work. It is 
of utmost importance to remember that, unlike steam heating, operating temperature 
of an electric heater is not a fixed value but varies with ambient temperature changes. 
Maximum safe temperatures are shown in Table 10-2. The heat density rating and 
safe operating temperatures of electric heaters must be designed for maximum tem¬ 
perature when operating at maximum ambient temperature. 

Constant Input. With electric heating, the energy input is practically constant 
and temperatures rise at a nearly uniform rate because the heat gradient remains 
substantially constant. For example, unlike steam coils, no change in electric- 

1 Htnbs, Lsb P., Industrial Electric Resistance Heating, Trans. AIEE, vol. 67, 1948. 
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Table 10-1. l^pical Watt Densities of Electric Resistance Heaters’ 


Type of service 

Watts/ 
sq in. of 
surface 

Remarks 

Furnaces; nickel-chromium exposed resistors 
Furnaces: carbon or graphite resistors in an 
inert atmosphere .... 

Radiation heaters; nickel-chrome resistors . 

10- 20 

80-120 
2 r>- 40 

Deiiends on operating temperatures 

High-velocity industrial air heaters. 

Fan circulation unit air heaters and duct 
heaters .. . 

15- 30 

15- 20 

Depends on air velocity and temperature 

Water heaters . 

Steam boilers. 

20- 45 
10- 20 

Depends on water analysis and temperature 

Dowtherm boilers . 

7~ 12 

Depends on liquid temperature 

Circulating oils, 100-200° 

Circulating oils, 25a-600°F .. 

9- 12 
6- 9 

Depends on type of oil, velocity, tempera¬ 
ture, and flow design 

Convection heating, pitch, and compounds . 

1- 3 

Depends on material, temperature, and 
design details 


1 Hynes, Lee P., “Industrial Electric Resistance Heating,” AIEE Middle Western general meeting, 
Milwaukee, October, 1948. 


Table 10-2. Maximum Safe Temperatures for Electric Heating Elements^ 


Deg F 

Carbon-graphite resistors surrounded by an inert atmosphere . 3000® 

Nickel-chroiiiium exposed resistors.. . 2100 

Nickel-chromium resistors, sheathed m special alloys.... . 1500^ 

Nickel-chromium resistors, sheathed in plain steel. .. . 750 


1 Hynes, Lee P., Industrial Electric Resistance Heating, Trans. AIEE, vol 67, 1948. 
® Lower temperatures result in longer life. 

^ Or as specified by the manufacturers. 


Table 10-3. Characteristics and Uses of Resistor Materials^ 


Material 

Composition 

Characteristics 

Uses 

Advance. 

Cu 55%, Ni 45‘’o 

Low temperature coefficient; 
high thermoelectric power to 
copper; noncorrosive 

Measuring instruments; pre¬ 
cision equipment; thermoele¬ 
ments; pyrometers; rheostats 

Hytemco . 

Ni 50%, Fe 50% 

High temperature coefficient 

Where self-regulation is re¬ 
quired, as m immersion heaters 
and heater pads 

Magno.. 

Ni 95.5 %, Fe 4.5 % 

Magnesium-nickel alloy 

Incandescent lamps and radio 
tubes 

Very valuable for high-precision 
electrical measuring appa¬ 
ratus. Resistance unite in 
bridges, shunts, multipliers, 
etc. 

Heating elements in electric 
furnaces, hot-water heaters, 
ranges, radiant heaters, and 
high-grade appliances 

Radio tubes; incandescent 
lamps; combustion boats; re¬ 
sistance thermometers 

Manganin 

Cii 84%, Mn 12%, 
Ni4% 

Very low temperature coeffi¬ 
cient; low thermal omf with 
respect to copper 

Nichrome V 

Pure nickel . 

Ni 80%, 

Ni 100% 

Free from iron; noncorrosiye; 
nonmagnetic; withstands high 
temperatures; high resistivity 

Carbon. 

C 

High resistance; withstands 
high temperatures; tempera¬ 
ture coefficient negative;^ will 
safely carry 125 ainp/sq in. 

Carbon for rheostats, etc. 
Amorphous carbon has re¬ 
sistivity of 3,800-4,100 
microhms/cc; retort carbon 
720 microhms; graphite 812 
microhms 


Lionel S., “Mechanical Engineers’ Handbook,” 4th ed., p. 2055, McGraw-Hill Book 
Company, Inc., New York, 1941. 
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Table 10-4. Properties of Metals, Alloys, and Resistor Materials^ 


Material 

Composition 

Sp gr 

Microhms 
/cc at 
20®C 

Ohms/ 
eir mil ft 
at 20°C 

Temp co¬ 
efficient of 
resistance 

Temp 
range, 
deg F 

Max 
safe 
work 
temp, 
deg F 

Approx 
melting 
point, 
deg F 

Advance... . 

Cu, Ni 

8 9 

49 

294 

0 00002 

68-212 

930 

2210 

Comet ... . 

0.45% 

Ni 0.30%, 

8.15 

95 

570 

0.00088 

6»-930 

1110 

2700 

Bronze (commer¬ 
cial) 

Cr 0.05%, 
Fe 0.65% 

Cu, Sn 

8 7 

4.2 

25 

0 0020 

32-212 


1860 

Hytemco. . .. 

Ni 0.50%, 

8 46 

20 

120 

0 0045 

08-212 

1110 

2595 

Magno. 

Fe 0.50 % 

Ni 0.955%, 

8.75 

20 

120 

0.0036 

68-212 

750 

2615 

Manganin. 

Mn 0.045 % 
Cu 0.84%, 

8.19 

48.2 

290 

0.000015 

59- 95 

170 

1870 

Monel metal... 

Mn 0.12%, 
Ni 0.04 % 

Ni 0.67%, 

8.9 

42.6 

256 

0.00198 

68-212 

800 

2460 

Nichrome. 

Cu 0.28 % 

Ni 0.60%, 

8.25 

112 

675 

0.00017 

6&-212 

1700 

2460 

Nichrome V.. 

Fe 0.25 %, 
Cr 0.15% 

Ni 0.80%, 

8 41 

108 

650 

0 00013 

68-212 

2010 

2550 

Nickel (pure) 

Cr 0 20 % 

Ni 0.99 % 

8 9 

10 

60 

0 0050 

32-212 

750 

2640 

Platinum. . 

Pt 

21 45 

10 6 

63 8 

0 00398 



3190 

Silver . 

Ag 

10 5 

1 6 

9 755 

0 00301 



1760 ' 

Tungsten . 

W 

19 3 

5 5 

33 22 

0 00524 


i_ 

6000 


1 From Driver-Harris Co. as contained in Marks, Lionel S., “Mechanical Engineers’ Handbook,” 
4th ed., p. 2054, McGraw-Hill Book Company, Inc., Now York, 1941. 


Table 10-6. Energy Consumption of Electric Furnaces^ 


Process 

Type of furnace 

Lb/kwhr 

Baking finishes on sheet metal 

Batch oven 

10- 18 

Baking finishes on sheet metal. 

Continuous oven 

2.5- .30 

Baking bread . . .... 

Continuous oven 

10- 12 

Annealing brass and copper.. 

Batch furnace 

10- 25 

Annealing steel . 

Batch furnace 

5- 15 

Hardening steel . •.. 

Batch furnace 

7- 11 

Tempering steel ..... 

Batch furnare 

1.5- 25 

Annealing glass 

Continuous furnace 

40 100 

Vitreous enameling, single coat_ 

Batch furnace 

5- 8 

Vitreous enameling, single coat 

Continuous furnace 

10- 15 

Galvanizing . 

Batch furnace 

12- 20 

Melting metals 

Type of furnace 

Kwhr/ton (2,000 
lb) 

Lead . 

Resistor 

40- 50 

Solder (50-50) 

Resistor 

40- 50 

Tin . 

Resistor 

.35' 50 

Zinc . 

Induction 

80-100 

Brass 

Arc and induction 

250 400 

Steel (melting onlv) 

Arc and induction 

450-700 

Steel (melting and refining).. 

Arc 

6.50-900 

Gray iron 

Arc 

500-700 

Furnace imiducts 

Type of furnace 

Kwhr/ton (2,000 
lb) 

Aluminum 

Electrolytic 

22,000 27,000 

Calcium carbide 

Resistance 

3,000- 6,000 

Ferroalloys . 

Resistance 

4,000- 8,000 

Graphite. 

Resistance 

3,000- 8,000 

Silicon carbide 

Resistance 

8,500-10,000 

Smelting iron ore .... 

Resistance 

2,100- 2,400 


1 Marks, Lionel »S., “ Mechanical Engineers’ Handbook,” 4th ed., p. 879, McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. ^ 
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energy input will result from reducing the air flow over an electric element, because 
reduced air flow will merely result in a corresponding rise in the temperature of the air 
(or other medium) that does pass over it. , , 

Applications of Resistance Heaters. For temperatures up to 600®F, hot oil can be 
recirculated by a suitable pump through an electric oil heater and a jacketed vessel 
or work kettle at pressures usually not over 20 psi. Systems of this type are com¬ 
monly used up to about 300 kw capacity. 

Dowtherm is also a useful heat-transfer medium whereby vapor can be utilized at 
high temperature at far lower pressure than steam at equal temperature. As an 
example, Dowtherm A vapor has a pressure of only 88 psi at 700®F. 

The surfa(;e heating of materials by infrared heat, superheating of steam under very 
close temperature control, direct heating of air and gases, and immersion heating of 
liquids are but isolated examples of the many applications of electric resistance 
heating. 

Electric Induction Hardening^ 

Definition of Induction Heating. Simply stated, induction heating is the heating 
of a nominally conducting material due to its own losses when the material is 
placed in an electromagnetic field. Thus, if a steel rod is placed in an inductor coil 
which carries an alternating current, the varying magnetic field caused by the ampere- 
turns of the coil couples the steel rod and induces a voltage which, in turn, causes a 
circulating current, in the same way that it would induce a current in a closed loop of 
copper wire. Once the bar is properly positioned in the inductor, the depth to which 
the heat penetrates in the rod is a function of the physical characteristics of the steel, 
t.e., the metallurgy of the steel, the frequency of the current, and the power used. 

Metallurgical Considerations in Hardexiing. Fundamentally, to obtain an accept¬ 
able hardness in a steel bar, the material must be heated to a temperature above its 
upper critical point and quenched within a limited time in order to convert the aus¬ 
tenitic solution into a final structure known as martensite. 

Depth of Hardness. When a bar is inductively heated, the surface tends to reach 
the critical temperature first and, if the heating cycle is short, as is the case of harden¬ 
ing, the temperature in each succeeding layer drops very fast to the point where the 
core may still be at room tempciraturc. 

The hardened depth, commonly referred to in induction heating, is considered to 
be the depth below the surface where the hardness, as indicated by a Rockwell tester, 
has decreased to 50 Roc.kwell, C dial, or approximately 50 per cent martensite. The 
metallurgically correct structure for maximum hardness is approximately 100 per 
cent martensite. 

Importance of Time in Induction Hardening. It is important to note that the 
transition iuto the austenitic solution does not take place immediately but is a function 
of time as well as the prior structure of the steel. In general, the prior structure of 
steel can be grouped into four classifications: annealed, spheroidized, normalized, 
and quenched and drawn or heat-treated. The annealed state, containing a mixture 
of pearlite and ferrite, takes the longest time to go into austenitic solution; and the 
heat-treated state, consisting of fine sorbitic structure, takes the shortest time. In 
fact, when heating the annealed or spheroidized specimens, it is often necessary to 
increase the temperature and time to obtain the solid solutions. As examples of the 
time required for induction hardening, crankshafts varying in diameter from ^ to 
2 % in. are hardened in from to 5)^ sec. This is quite in contrast to other methods 
of heating. 

^ Temin, J. T., ‘‘DesiKning for High Frequency Induction Hardening,” ASME Paper 48>SA-32, 
Milwaukee semiannual meeting, 1948. 
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If two specimens of different heat-treatment were to be heated and quenched for 
the same period of time, the result would be a difference in the hardened depth. 

Of more importance is the now apparent fact that, since there is a rapid transition 
into the austenitic state with a resulting increase in hardening depth, the heating time 
can be decreased and the specimen quenched faster to obtain a shallower hardiuiss 
depth than is otherwise possible. 

Power vs. Hardened Depth. The effect of hardened depth due to increasing the 
energy input to work parts is important. Generally speaking, increasing the energy 
increases the hardness depth. However, as before, the function of time cannot be 
disregarded, for increasing time beyond certain critical limits may result in surface 
overheating, causing grain growth and resulting in a decrease in surface hardness. 

Frequency Considerations. Because of the phenomenon of skin effect, the induced 
current tends to hug the surface. The higher the frequency, the less depth heated, 
and the shallower the depth hardness. 

General Advantages. One of the outstanding features of induction hardening is 
the tendency to minimize distortion, especially where a long bar is to be surface 
hardened. Distortion (!an be further minimized by rotating the part during the heat¬ 
ing and quenching operation. If, however, the surface to be hardened contains an 
obstruction or irregular surface, rotation may have to be eliminated because of the 
uncontrolled splashing during qiienching. 

References for Design Data. The proper application of electric induction harden¬ 
ing combines the subjects of metallurgical, electrical, heat, and production engineering. 
Every problem is one of different metal characteristics, part shapes, and production 
required. In addition, there are several distinct processes, suited to spetafic; problems. 
It is thus not feasible to attempt to summarize design data, but is preferable to refer 
to a manufacturer of induction equipment, such as Ohio CVankshaft Co. (Cleveland), 
Induction Heating Co. (Brooklyn), and Westinghouse (Pittsburgh). 

Conductive Rubber Panel Heating (Uskon) 

Uskon electric heating panels, as manufactured by the U.S. Rubber Co., contain a 
conductive rubber heating element sandwiched between insulating layers of phenolic- 
impregnated paper with the assembly backed by a Me-in. asbestos board. No wires 
are used within the panel other than the two connecting leads; the rubber itself con¬ 
ducts the electricity. 

The panels are manufactured in two wattages, 17 watts per sq ft (55 Btu per sq ft) 
and 22 watts per sq ft (75 Btu per sq ft). Both are operated on 220 volts. The 
panels are approximately in. thick and are manufactured in 3- })y 4-ft, 4- by 4-ft, 
and 4- by 8-ft sizes. Surface temperature achieved by the 17 watt per sq ft panel on a 
design day approximates 100°F with on-c)ff control, 120°P" with continuous operation. 

Recommended percentage covering of the ceiling by active paneling follows: 

Average Per 

Cent Coverage Design Temp 

70 — 15®F and lower 

65 -10°F 

60 - 5°F 

60 0°F 

55 + 6°F and higher 

Such figures are useful for preliminary estimates only and should be modified when 
heat-loss estimates are available. 

According to the manufacturers, the approximate annual kilowatt-hour electric 
consumption is 

0.3 X cubic footage of house X degree days 

1,000 
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Notes on Installation. Panels cannot be cut. As applied to existing installations, 
2-in. furring strips are used, and 2 to 3^ in. of insulation should be used behind the 
panels. The house should be well constructed and inlisulated. Nails or screws must 
be carefully placed in the IJ^^-in. depressed margin at the edge of the panel only; nails 
cannot be driven in the center of the panel. Drilling or punching is required prior 
to fastening. Plaster cannot be used on the panel surfaces. Joints must thus be 
concealed by covering strips or filler material, the permanency of the latter not being 
guaranteed by the manufacturer. 

Electric Panel Heating with Aluminum Foil 

Experimental installations have been made at the Purdue Research Foundation in 
which panel heating of heavily insulated (wall V value 0.065) structures is achieved 
by means of applying thin strips of aluminum foil between a fiber wallboard 1 in. thick 
and the regular wallpaper and passing an electric current through the heating grid 
thus formed. 

In a typical installation, 400 lin ft of 0.00065-in. aluminum foil 1 in. wide was 
applied in continuous grid form. The foil was paper-mounted for easy handling and 
was stapled to the wallboard. The foil resistance element was directly attached to 
a 110-volt line, drawing 20 amp with an output of about 7,500 Btu per hr. Two 
ceiling circuits of this size are employed per room to provide quick heating accelera¬ 
tion when needed. 

With the ceiling alone being used as a panel, maximum temperatures are in the 
order of HO^F"; this can be reduced to as low as 70°F if the walls are also provided with 
electric grids. 

The author, Carl F. Boester, also describes making grids from sheets of foil-backed 
wallboard in which a V/i-in, strip circuit is cut out by a sharp knife. Using 4- by 
8-ft board, a continuous grid draws about 13 amp (foil 0.00035 in. thick) and yields 
about 152 Btu per sq ft when mounted vertically. Multiples of such panels can be 
used to heat various sized spaces. Operating costs depend on electric rates, hours of 
use, insulation, and other factors. 


The Heat Pump' 

Although frequently referred to incorrectly as the reverse-cycle system, the heat- 
pump cycle is identical with the ordinary refrigeration cycle and differs only in the 
sense that the desired effect is rejection of the heat from the condenser rather than 
absorption of the heat in the evaporator. 

The economical application of the heat pump as a practical means of heating 
requires that the temperature of the source from which the heat is extracted be as 
high as possible and that the temperature of the sink to which the heat is rejected for 
heating purposes be as low as possible. Thus, with a small temperature spread 
between the evaporator and the condenser, six or more times as much heat may be 
obtained theoretically, and three to five times practically, as the heat equivalent of 
the work necessary to operate the system. This is much better performance than 
straight electric heating where the heat available for the building is exactly equal to 
the power consumed. The ratio of the useful heat received to the heat input of the 
system, as, for example, in electricity, is known as the ‘‘coefficient of performance,” 
commonly called COP. 

Sources of Heat. The heat pump will operate on any available source of heat, 
provided only that its temperature may be relied upon to be even only a few degrees 
higher than the tc^mperature that can be discharged. This includes ground water 

* From “ Heating, Ventilating and Air Conditioning Guide,” Chap. 39, p. 765, ASHVE, 1949. Uaed 
by permission. 
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such B8 lakes, streams, rivers, and surface wells; the atmosphere; or even the ground 
itself. Nevertheless, the most serious limitation in the application of the heat pump 
is the usual lack of ready availability of a practical, reliable, and adequate source of 
heat. A further listing of potential heat sources, with some of their inherent dis¬ 
advantages follows: 

1. Air may be used, but its specific heat is low and its temperature uncertain. 
When the most heat is needed, the temperature of the air is the lowest, thus resulting 
in the least favorable temperature combination. Practical considerations seem to 
limit the use of present air systems to climates such as those encountered in the 
southern United States or California, where temperatures under 20°F are not encoun¬ 
tered and where the owner is willing to pay for summer cooling as well as heating. 

2. Water from wells, lakes, and rivers may be used. Well water is the most desir¬ 
able, since its temperature is fairly constant throughout the entire year. As water 
temperature is relatively high, even in winter, a large amount of heat may be removed 
relative to the weight of water handled. Means of returning the water to the under- 
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Fig. 10-1. Electric heat pump, heating and cooling cycle. {ASHVE Guide^ 1949.) 


ground reservoir should be provided to prevent depletion. The disadvantages of 
using water include the problem of locating an adequate supply, the cost of pumping, 
and the problem of water disposal. 

3. The earth may be used as a source of heat with the refrigerant coils buried in the 
ground or with a heat exchanger supplied by a water-circulating coil buried in the 
ground. One disadvantage appears to be the large amount of heat-transfer surface 
required. Another is the apparent difficulty of estimating the amount of heat which 
can be obtained in a given locality. This is due in part to rather meager data on the 
subject and in part to the many variables of changing moisture content, freezing, 
differences between the actual transfer factor and the calculated conductivity, etc. 
Requisites for ground coils seem to be location in soil which allows a free movement 
of moisture, in areas with mild wet winters. For such soils with 20 to 30 per cent 
moisture, heat-transfer rates of 2 to 10 Btu/sq ft/hr/deg F are reported. Deviations 
between calculations and actual transfer in the work of competent engineers fre¬ 
quently amount to as much as 200 per cent, with the actual transfer rate usually 
being the greater (see Chap. 20 for underground heat conditions). 

Since development of a heat pump to date includes the use of air, water, and earth 
as heat sources, and air and water as heat sinks, there are six possible combinations of 
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source and sink in application; air to air, air to water, water to air, water to water, 
earth to air, and earth to water. 

Coefficient of Performance (COP). For domestic heat-pump installations, the 
average coefficient of performances as calculated by Penrod^ for 7 installations is 3.58 
(and as calculated for 15 commercial installations, 3.31). While there is a considerable 
variation in COP figures according to the heat source, application, etc., a low of 2.9 
and a high of 3.75 may be considered as representative of the design range. Excep¬ 
tions are noted where relatively hot heat sources are available a 66®F well-water 
installation in Buenos Aires with a reported COP of 5.45). 


Table 10-6. Comparison of Heat-pump Operating Costs with Other Fuels 


COP. 

3.00 

3.25 

3.50 

3.75 

4.00 

Fuel oil, cents/gal. 

9.6 

8.8 

8.2 

7.6 

7.2 

Anthracite, dollars/ton. . 

16.49 

15.24 

14.14 

13.20 

12.74 

Bituminous, dollars/ton 

16.40 

15.14 

14.06 

13.12 

12.30 

Mfg gas, cents/Mcf ... 

44.8 

41.4 

38.4 

35.9 

33.7 

Natural gas, cents/Mcf 

82.3 

76.6 

71.1 

66.9 

62.3 


Figures in body of table represent costs of stated units of competing fuels that would equal the cost 
of electricity at 1 cent per kilowatt-hour. 

Example. (1) If electricity is 1 cent per kilowatt-hour and the COP is known or assumed to be 3.50. 
the operating cost of the heat pump would equal that of oil if the latter was 8.2 cents a gallon. (2) 
If oil was 10 cents a gallon in reality, the heat pump would save 10 — 8.2, or 1.8 cents on each gallon 
formerly used. (3) If electricity is other than 1 cent, it is necessary to multiply the figure in the table 
by the ratio to 1 cent; thus 2-cent electricity would equal 2 X 8.2, or 16.4, cent oil, and oil at 10 cents 
would then be 6.4 cents per gallon cheaper than the heat pump. 

Basis of Calculations. Oil, 140,000 Btu per gal, 70 per cent efficiency; anthracite, 13,000 Btu per 
lb, 65 per cent efficiency; bituminous coal, 14,000 Btu per lb, 60 per cent efficiency; manufactured gas, 
540 Btu per cu ft, 85 per cent efficiency; natural gas, 1,000 Btu per cu ft, 85 per cent efficiency. 

Economics of the Heat Pump. Table 10-6 shows the cost at 1 cent per kilowatt- 
hour of the amount of electricity that would be required to replace stated unit quanti¬ 
ties of various competing fuels. The unit price of 1 cent per kilowatt-hour was used 
only to avoid a duplication or complication of the table, it being intended that the 
figures found in the table be multiplied by the ratio of the actual price of local electri¬ 
city to 1 cent for practical use (or, essentially, by the actual price itself). 

This table shows that, with a COP of 3.50, 1-cent electricity is equal in operating 
cost to 8.2-cent oil or $14.14 anthracite. The fuel cost is therefore competitive in 
many localities. Unfortunately, this is not the full story of heat-pump costs, since 
the original and installation costs are both very much higher than those of other heat¬ 
ing systems. One of the most expensive phases in most instances is a provision of 
a proper source of heat and of heat return. 

Commercial Installations. At present, commercial custom-built applications have 
the edge over domestic packaged units. The widely differing conditions in heat 
sources in different localities makes standardization difficult and stresses the need for 
very competent field engineering in each instance. Further, the higher internal heat 
gain from such sources as humans and machinery decreases the winter and increases 
the summer load in commercial installations to more nearly approach the highly 
desirable balance. In domestic use, the actual load factor is in the neighborhood of 
only 25 per cent, which would impose a tremendous burden on central stations if heat 
pumps were to become widespread. (Central-station equipment involves an invest¬ 
ment of some $400 per kilowatt-hour of installed capacity.) An idea of the cost of 
ground coils is gained from one manufacturer's recommendation of 135 to 235 ft of 

1 Pbxrod, E. B., a Review of Some Heat Pump Installationa, Mech, Eng.^ vol. 69, pp. 630-647, 
August, 1947. 
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tubing to cover an area of 1,100 to 1,500 sq ft (and buried at least 4 ft underground) 
for each horsepower capacity of the heat pump. 

Underground Water. Figure 10-2 shows contours of probable underground water 
temperatures for the United States.^ In planning to use such water, it is important to 
note that underground flow may be as low as 4 miles per year or even less. Thus, if 
the sink is too close either vertically or horizontally, or if there are too many heat 
pumps in such localities, a condition may be reached rapidly where the temperature 
of the ground water will be lowered to a point of materially decreased effectiveness. 
To date, little is known about the possible total heat-pump capacity of a neighbor¬ 
hood or community depending on ground water. 



Uses for Industrial Processing. According to W. E. Johnson, * several industrial 
processes are ideal for the application of the heat pump, including the concentration 
of solutions such as milk, fruit juices, and sirup. This can be accomplished by any 
one of three methods: multistage evaporation, direct compression of vapor, and 
indirect compression. With a four-stage evaporation system, for example, he showed 
that 3 lb of steam can be evaporated for 1 lb of steam used with resultant important 
savings.* 

Typical Domestic Application. Table 10-7 shows the operating results of a domestic 
heat-pump application as described by Wetherbee.** This installation is located in a 
one-story six-room dwelling of 1,433 sq ft floor plan, located 20 miles west of Chicago. 

The heating system consists of a 5-hp compressing unit, a conventional duct system 
for air distribution, and a combination of earth-buried and atmospheric coils as a heat 

1 Additional data on underground temperatures will be found in Chap. 20, Heat Transfer and Insula¬ 
tion. 

* Manager, Engineering Division, General Electric Co. 

* ASHVE New York annual meeting. February, 1948. 

< Wbthbrbbe, G. D., Heating with the Heat Pump, Heating, Piping, Air Conditioning, September, 
1949. pp. 88-92. 
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source. The evaporator is made up of l-in.-OD Freon-filled copper tubing, approxi¬ 
mately 770 ft long (plus 148 ft of 5^-in. tubing), buried to 6 ft below the surface. 
The H-hp air conditioner contained a primary surface of 24.1 sq ft, finned surf ice of 
363.5 sq ft, and total surface of 387,6 sq ft. 


Table 10-7. T3rpical Heat-pump Operating Data^ (January~May, 1949) 


Volume of structure, cu ft. . . 14,000 

Degree days. . 3,678 

Total electricity consumed, kwhr . 5,582 

Condensing unit, kwhr... . 5,024 

Fan, kwhr. 372 

Pump, kwhr. 186 

Hours of operation. 1,064 

Watts (4,700 + 350 + 400) ... .5,450 


Heat of refrigeration at 40,400 Btu/hr, Btu 43,000,000 

Electrical heat (three motors) . . 19,000,000 

Hours of operation per degree day . 0 289 

Kwhr per degree day ... . 1 52 

Kwhr for 6,300 degree days (Chicago) 9,550 

Kwhr per degree day per 1,000 cu ft 0.108 

COP condition unit only. .. . 3 52 

COP throe motors . 3.26 

Load factor, per cent. . 28 3 


1 Wetherbeb, G. D., Heating with the Heat Pump, Heating, Piping, Air Conditioning, September, 
1949, pp. 88-92. 


WATER POWERi 

The earliest recorded use of power is that of crude water wheels revolving on 
vertical shafts connected directly to millstones. Such wheels were described by 
Vitruvius in 16 b.o. and by Hero of Alexandria about 100 years earlier. They were 
\ised almost exclusively for the grinding of wheat and other grains at that time, since 
power was seldom used for any other purpose for more than 1,000 years. 

Water may do useful work in four general ways: (1) by its pressure, (2) by its 
velocity, (3) by its weight, and (4) by various combinations of these three. Of these, 
velocity and combination arc employed most generally in impulse and reaction 
turbines, respectively. Overshot water wheels and breast wheels utilize weight; 
undershot and current wheels use velocity; and pressure motors use pressure except in 
the smaller sizes. 

Water Wheels 

Water wheels, which have now been almost entirely displaced by the more modern 
turbines, may be divided into three general classes: 

1. Overshot wheels, which receive their water at the top and are thus necessarily 
of a diameter less than the total head of water. Weidner^ classes them as being suit¬ 
able for waterfalls ranging from 10 to 70 ft, where the water supply is 2 to 30 fps. 
For maximum efficiency, the circumferential velocity of the water should be approxi¬ 
mately 1.1 times the circumferential speed of the wheel. The point of impact of ’the 
water should be as high in the wheel as possible. The efficiency will be seriously 
decreased if the wheel is submerged in the tail water. 

2. Breast Wheels. The water enters the wheel at the upstream side, either (type 1) 
flooding the buckets or (type 2) being directed against them in a stream making an 
angle of about 27 deg with a tangent to the circumference at the point of entry, and is 
prevented from leaving them by a breast wall just clearing the lower quadrant of the 
wheel on the entry side. In addition to the general dimensions shown in Table 10-8, 
the circumferential pitch of the buckets is 0.5d to 0.7d (d being depth of buckets). 

1 Marks, Lionel S., Mechanical Engineers* Handbook,** 4th ed., pp. 1341-1343, McGraw-Hill 
Book Company, Inc., New York, 1941. 

2 Wbidn«e, Carl D., “Theory and Test of an Overshot Water Wheel,’* Bvll. Univ, Wie,, 529. 
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8. Undershot Wheels. Where the head does not exceed 6 ft, the Poncelet under¬ 
shot wheel is probably the best type. The water jet, 8 to 10 in. in thickness, flows 
down a 1:10 slope, enters the wheel without shock, follows up the curved vanes or 
buckets, never, however, quite filling them, falls back, and leaves the wheel practically 


0 



Fia. 10-3. Curvature of water-wheel buckets, (o) Over-shot wheel; (6) breast wheel; 
(c) undershot wheel. 

without velocity. A close-fitting breast at the bottom should cover 15 deg each side 
of the vertical wheel diameter. 

Horsepower of water wheels is where Q equals water available in 

cubic feet per second, H equals head, and E equals product of hydraulic and mechani- 


Table 10-8. Critical Dimensions of Water Wheels ^ 



Overshot wheels 

Breast wheels 

Undershot wheels 
(Poncelet impulse) 

Type 1 

Type 2 

Available head of water, H, 





ft. . 1 

10 to 70“ 

1.3 to 12 

5 to 17 j 

Up to 6 ft 

Diameter of wheel, D, ft 

H - 1.33 to H - 2.25 

3// to AH 

H + 11.5 ft 

2H to AH (min 14 ft) 

Radial depth of buckets, d 

0.16 to 0.25 

(0.4 to 0.5) X yjjj 

More than 0.5H 

Number of buckets, N 

tD - d 





2Q 4Q 


0. 

12Q 

Width of buckets, 6 

vd vd 

(2to3)X-5 

tv 

Circumferential velocity, v. 





fps. 

5 to 7 

4.6 to 6.6 

5.3 to 7.2 

0.56 

Maximum unbraced bucket 





span, 8, ft 

5.5 




Water jet thickness, in.. 




8 to 10 

Water available, Q, cfs 

2 to 30 



Efficiency, E (hydraulic X 





mechanical^’ . • 

90 

85 

85 

70+ 


I Compiled from Marks, Lionel S., ** Mechanical Engineers’ Handbook,” pp. 1341-1342, 4th ed , 
McGraw-Hill Book Company Inc., New York, 1941. 

« LO to 40 ft, economical range of head. 

* May be up to 0.5 where narrow wheel is desired. 

cal efficiency. A well-designed wheel should have an efficiency factor E between 70 
and 90 per cent (see Table 10-8) according to design and type. (Note that E in the 
above equation is expressed as a decimal.) 

Curvature of Buckets. Overshot Wheels (Fig. 10-3a). Take AB = ],i times 
radial distance AC, and CE = times circumferential pitch GC. Draw FE at an 
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angle of 10 to 15 deg with radius EH, From a point on FE as a center, describe an 
arc passing through E and D (near B), and round this arc into the radial portion ABot 
the bucket. ^ 

Breast Wheel (Fig. 10-35). From the wheel center 0, draw the dotted circle DE 
with a radius equal to the radius of the wheel minus the depth F of tail water. The 
outer part AB of the bucket should be an involute unwrapped from DE; the inner 
part AC should curve sharply after leaving A. 

Poncelet Undershot Wheel (Fig. 10-3c). Draw vertical radius OA of wheel and lay 
off AC and AB (each 15 deg of circumference), making breast BC, At mid-depth 
D of jet as it strikes the wheel, draw radius OD; also draw DE at an angle of 23 deg 
to OD. Take DF = 0.5/f to 0.7H and draw arc ZXz, which is the bucket curve 
desired. 

Water Turbines 

Modern practice has narrowed the many possible designs of water turbines down 
to three accepted characteristic types, the reaction (or overpressure), the impulse 
(or action), and the underpressure (or suction jet), commonly called the propeller 
type. All three types have in common a stationary guide case (or nozzle in case of 
the impulse type) in which the static head is transformed partly, or wholly, into 
velocity, and a revolving part called the runner with the reaction type, the bucket 
wheel or wheel with the impulse type, and the runner or propeller with the under¬ 
pressure type. The development and design of all three types is so far advanced and 
complex that full explanation cannot be attempted here.^ 

Popular Types of Water Turbine. As of 1946, all large turbines built or on order 
in the United States or C'anada were of the Francis, Kaplan impulse, or propeller 
types (see Table 10-9). 

Francis (reaction) turbines have normally a radial inlet and discharge the water 
in a direction more or less parallel to the shaft. Regulation is usually accomplished 
by wicket-type gates or guide vanes. A single runner is usually preferred for large 
commercial installations. If the head is under 30 ft, the open-flume type should be 
used except for small units of less than 100 hp. If the head is 30 to 90 ft, either con¬ 
crete or steel plate spiral-cased type may be used, depending on local cost conditions. 
If the head is above 100 ft, cast iron or cast steel is usually used. The only limitation 
of head is that of the strength of the materials. 

Propeller-type turbines (underpressure) partly transform the static head into 
velocity in the guide case and thus discharge a much greater quantity of water than a 
reaction-type runner of the same discharge diameter and under the same head. The 
peripheral speed is also far ahead of the reaction type. This turbine is thus best 
adapted for low heads where large quantities of water must be discharged and where 
the speed must be as high as possible to economize the cost of a direct-connected 
generator. They are limited in application to heads that are not so high as to produce 
cavitation or vibration due to vaporization or vacuum. 

The Kaplan-type turbine is an adjustable-blade turbine used for conditions similar 
to a propeller-type turbine when a high average efficiency warrants the additional 
expense. The runner blades are adjusted by means of an oil-operated piston in the 
main shaft. The runner blades receive their motion from the turbine governor 

^ The following references are suggested: Marks, Lionel S., Mechanical Engineers’ Handbook,” 
4th ed., pp. 1343if., McGraw-Hill Book Company, Inc., New York 1941. Mead, “Water Power 
Engineering,” McGraw-Hill Book Company, Inc., New York. Lea, “ Hydraulics,” Longmans, Green 
& Co., Inc., New York. Barrows, H. K., “Water Power Engineering,” McGraw-Hill Book Company, 
Inc., New York, 1943. Merriman, “ Hydraulics,” John Wiley A Sons, Inc., New York. Datjohertt, 
R. L., “Hydraulics,” 4th ed., McGraw-Hill Book Company, Inc., New York, 1937. Daughbrtt, 
R. L., “Hydraulic Turbines,” 3d ed., McGraw-Hill Book Company, Inc., Now York, 1920. Gibson, 
“Hydraulics and Its Applications,” D. Van Nostrand Company, Inc., New York. 
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thrpugh a cam mechanism so designed that the runner blades move in proper relation¬ 
ship to the guide vanes to obtain maximum efficiency. 

Impulse turbines are designed with a runner in the form of a disk, upon the rim of 
which buckets are mounted, these buckets usually being of the double-lobe form, the 


Table 10-9. Water Wheels Built or on Order in the United States and Canada in 

1946^ 


T^pe. 

Francis 

Propeller 

Kaplan 

Impulse 

Number of plants using 

112 

22 

16 

3 

Water-wheel capacity, hp: 





Range of unit sizes. .. 

49-165,000 

107-45,000 

406-44,000 

3,650-62,500 

Avg unit size. 

27,670 

14,641 

16,581 

34,550 

Water-wheel speed, rpm: 





Range of speeds 

75-1,200 

78-450 

80-250 

225-514 

Avg speed 

262 

145 

180 

335 

Design head, ft: 





Range of heads 

7-523 

9-56 

14-76 

920-1,223 

Avg head. . 

146 

36 

43 

1,091 


^ Power, June, 1947, pp. 74-77. 


Table 10-10. General Characteristics of Water Turbine Installations^ 



No. of 

Usual head 

Sotting and construction 

runners 

limits, ft 


Reaction turVunob, 5- to 1,000-ft head 


Open flume, 5- to 40-ft head: 

Vertical. 

1 

5~40 


2 

15 40 

Horizontal 

1 

12-40 


2 

16 40 


4 

16-30 


6 

16-25 

Encased, 15- to 1,000-ft head; 

Plate steel: 

Vertical. 

1 

40-300 

Horizontal . 

1 

30-100 


2 

30-100 

Concrete, vertical 

1 

15-50 

Concrete, spiral, vortical .... 

1 

15-90 

Cast or welded plate, steel spiral: 
Vertical. 

1 

75-1,000 

Horizontal. 

1 

50-600 


2 

50 500 


Iinpulbe wheels, 500- to 3,000-ft head 


Horizontal; 



Stationary nozzle. 

1 

500-3,000 

Jet deflectors.. 

2 

500-1,500 


1 Marks, Lionel S., “Mechanical Engineers’ Handbook,” 4th od., p. 1347, McGraw-Hill Book 
Company, Inc., New York, 1941. 

two parts coming together in a common splitter. Tangent to the runner, one or more 
water jets impinge upon the splitters of the buckets and are diverted approximately 
90 deg from their initial absolute direction. The static pressure is here completely 
transformed into velocity, so that atmospheric pressure surrounds both the jet, 
issuing from the nozzle, and the bucket wheel. The jet is usually circular in section and 
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is adjusted by moving a needle which is concentric with the axis of the nozzle. For a 
given head and diameter, the impulse-type runner cannot revolve so fast as the reac¬ 
tion-type runner. For the purpose of obtaining higher speeds in connection with 
moderate heads, or for extremely large units, a plurality of jets per wheel may be used, 
although this sacrifices simplicity of design. The principal application of impulse 
turbines is with very high heads (1,500 to 3,000 ft). 

Modifications of reaction and impulse turbines, including Girard wheels, Fourney- 
ron wheels, and Jonvil wheels, are not now in general use because of inherent dis¬ 
advantages as to size, cost, efficiency, durability, or regulation, which make them 
uneconomical or impractical. 

Hydroelectric Power in the United States and Canada^ 

As is shown in Fig. 10-4, hydroelectric power has grown rapidly and steadily in 
both the United States and (Canada since the First World War. 



1920 1925 1930 1935 1940 1945 

Year 

Fig. 10-4. Total installed hydroelectric horsepower in the United States and Canada. 
{Power, June, 1947.) 

In the United States, most of the more important plants have been or are being 
installed by U.S. Bureau of Reclamation, U.S. Engineer Corps, and Tennessee 
Valley Authority. 

On the Missouri River about 100 dams arc to be constructed to provide more than 
100,000,000 acre-ft of storage. Eight important dams and their power plants are 
completed, and an equal number are under construction. Among the completed 
dams, that at Fort Pec.k is the largest earth-fill dam in the world. Other comparable 
dams either under construction or being planned by U.S. Engineer Corps are Gar¬ 
rison, Oane, and Fort Randall. 

The Columbia River development is the greatest of all government projects, with 
two huge plants in operation: Bonneville is completed with 729,000 hp; Grand Coulee 
now has 928,000 hp in six main units with six more units on order. This plant will 
have an ultimate rating of 3,012,000 hp. 

1 Power, June, 1947, pp. 73-78. 
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Table 10-11. Water-power Plants in the United States of Over 100,000 Hp Installed 

Capacity^ 


Rank 

Owner 

State 

River 

Dam 

Installed 

hp2 

1 

U.S. Bureau of Reclamation . 

Ariz.-Nev. 

Colorado 

Boulder 

1,435,000 

2 

U.S. Bureau of Reclamation . 

Wash. 

Columbia 

Grand Coulee 

928,000“ 

3 

U.S. Engineer Corps.. 

Ore.-Wash. 

Columbia 

Bonneville 

729,000 

4 

Tennessee Valiev Authority. 

Ala. 

Tennessee 

Wilson 

470,000 

5 

Niagara Falls Power Co 

N.Y. 

Niagara 

Schoellkopt 

454,500 

6 

U.S. Bureau of Reclamation 

Calif. 

Sacramento 

Shasta 

419,0006 

7 

Susquehanna Power Co 

Md. 

Susquehanna 

Conowingo 

378,000 

8 

U.S. Bureau of Reclamation 

Ariz.-Nev. 

New Colorado 

Davis 

311,000 

9 

Safe Harbor Water Power Co. 

Pa. 

Susquehanna 

Safe Harbor 

255,000 

10 

Lexington Water Power Co.. 

S.C. 

Saluda 

Saluda 

220,000 

11 

Connecticut River Power Co 

N.II. 

Connecticut 

Comerford 

216,000 

12 

Tennessee Valley Authority. 

Tenn. 

Tennessee 

Watts Bar 

210,000 

13 

U.S. Engineer Corps . . 

Ky. 

Cumberland 

Wolf Creek 

207,000 

14 

Union Electric Co. of Mo .. 

Mo. 

Osage 

Osage 

201,000 

16 

Tennessee Valley Authority. 

Tenn. 

Tennessee 

Pickwick 

192,000 

16 

City of Seattle .... 

Wash. 

Skagit 

Diablo 

191,000 

17 

U.S. Engineer Corps .. 

N C. 

Little Tennessee 

Fontana 

183,000 

18 

Tennessee Valley Authority 

Ala. 

Tennessee 

Wheeler 

180,000« 

19 

Tennessee Valley Authority 

Ky. 

Tennessee 

Kentucky 

176,000** 

20 

South Carolina Public Service 






Authority. 

S.C, 

Santee 

Santee-Cooper 

173,000 

21 

Alabama Power Co. 

Ala. 

Coosa 

Jordan 

164,000 

22 

U.S. Bureau of Reclamation 

Ariz.-Cahf. 

Colorado 

Parker 

160,000 

23 

Pennsylvania Water & Power 






Co . 

Pa. 

Susquehanna 

Holtwood 

1.58,000 

24 

Missouri River Power Co 

Iowa 

Mississippi 

Keokuk 

150,000 

25 

Carolina Power & Light Co 

N.C. 


Waterville 

147,000 

26 

Alabama Power Co . 

Ala. 

Tallapoosa 

Martin 

144,000 

27 

Electro Metallurgical Co 

W. Va. 


Hawks Nest 

140,000 

28 

U.S. Engineer Corps 

Tenn. 

Carney Fork 

Center Hill 

138,000 

29 

Tennessee Valley Authority 

Tenn. 

Tennessee 

Norris 

132,000 

30 

South California Edison . . 

Calif. 


Big Creek 2 

124,400 

31 

South California Edison. 

Calif. 


Big Creek 3 

122,700 

32 

City of Seattle .. . 

Wash. 


Gorge 

114,975 

33 

Alabama Power Co . 

Ala. 

Coosa 

Lay 

114,000 

34 

Aluminum Co of America 

Tenn. 


Calderwood 

112,000 

35 

Georgia Power Co ... 

Ga. 


Tallulah 

111,600 

36 

Tennessee Valley Authority 

Tenn. 

Tennessee 

Chickamauga 

108,000 

37 

Carolina Aluminum Co 

N.C. 


Narrows 

108,000 

38 

Louisville Gas & Electric Co 

Ky. 


Ohio Falls 

108,000 

39 

South California Edison 

Calif. 


Big Creek 1 

106,000 

40 

Tennessee Valley Authority 

Tenn. 

Hiwassee 

Appalachia 

106,000 

41 

Niagara Falls Power Co. . 

N.Y. 

Niagara 

Edw. Dean Adams 

105,000 

42 

Duke Power Co. 

S.C. 

Wateree 

Wateree 

105,000 

43 

Appalachian Electric Power 






Co . 

Va. 


Claytor 

104,000 

44 

U.S. Engineer Corps. 

Ga. 

Etowah 

Allatoona 

102,900 

45 

Tennessee Valley Authority. 

Ala, 

Tennessee 

Guntersville 

102,000 

46 

City of Los Angeles . 

Calif. 


S. Francisquite 

101,460 

47 

San Francisco Public Utility 






Commission . .. 

Calif. 


Moccasin Creek 

100,000 

48 

Grand River Dam Authority 

Okla. 

Grand 

Pensacola 

100,000 


Water Power Plants in the U.S.A.,” Federal Power Commission Document 125, 1939; Power^ 
June, 1947. 

* Horsepower on order in addition to power listed: (o) 945,000; (6) 103,000; (c) 90,000; (d) 44,000. 
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The Tennessee Valley project of the Tennessee Valley Authority is now virtually 
completed. Its various plants produced 12,314,000,000 kwhr in 1946. 

In Canada, outstanding new plants include Des Joachims of the Hydro Electric 
Power Commission of Ontario on the Ottawa River, the Shawinigan No. 3 plant of 
the Shawinigan Water and Power Co., the Bridge River plant of the British Columbia 



01- I ^ , r _,_ LJ 
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^ 40 
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Fia. 10-5. Total and hydroelectric power generated in the United States, 1920 to 1946, 
{Power^ June, 1947.) 

Electric Co., designed for ten 62,000-hp units under a 1,130 ft head, and a fourteenth 
53,000-hp unit for the Quebec Beauharnois plant. 

POWER FROM OCEAN WAVES 

The energy of a wave depends upon such factors as shape, height, length between 
crests, and distance perpendicular to forward motion. 

According to Albert W. Stahl, USN {Trans. ASMEj vol. 13, p. 438), the total energy 
of a series of trochoidal deep-sea waves may be expressed as follows: 

Hp/ft of breadth of wave =» 0.0329H2 \/X “ 4.935 J 

where H « height of wave, ft 

L = length of wave between successive crests, ft 

Example. (1) With L ^ 2b it and L/H = 50, hp « 0.04. (2) With L = 100 ft and 

L/H = 10, hp * 31.3. 

Actually not more than one-fourth of the total energy of such waves would probably 
be available after reaching shallow water because of conversion of a large part of the 
energy to turbulence, and of this one-fourth only about one-third would probably be 
available with apparatus sufficiently rugged for this type of service. 



Percent^ hydroelectric (remainder^ steam) 
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Wave motors thus far tried have been based either on the lifting power of the waves 
to raise floats or upon the backward and forward motion of swinging paddles. 

An experimental motor on an Atlantic City pier had six 2,100-lb 4 ft diameter by 
4 ft high cylindrical floats driving a horizontal shaft by chains and ratchets, equalized 
by flywheels. The floats were lifted 2 ft eleven times a minute to develop about 12 hp. 

Tidal Power 

The more practical of the several plans that have been advanced for the utilization 
of the tides for the generation of power employ one or more tidal basins, so arranged 
that a tidal head is always available for the operation of water wheels or turbines. 
A tidal range of 6 ft is considered a minimum practical working head. A brief descrip¬ 
tion of the leading schemes follows: 

1. A single basin with the turbines operating only after the tide has fallen away 
from the crest of the turbine-containing dam a sufficient distance to create the head 
desired. A marked disadvantage of this type is that power can be generated only 
intermittently, usually for a maximum of 6 or 7 hr out of the 24. 

2. A single basin with the turbines operating on both the rising and falling tides. 
With a working head equal to one-half of the tidal range, the time of operation and 
the power generated are both about 60 per cent greater than system 1. 

3. Two basins with turbines in the dividing wall so operated that one basin is 
never allowed to fall below one-third of the tidal range and the other is never allowed 
to rise above one-third of the range. In this fashion, which is made possible by means 
of sluice gates to the ocean, a working head of 0.55 to 0.80-ff {li = tidal range) is 
always available for the continuous operation of the turbines. However, the cost per 
horsepower is apt to be high, and the output will only be about one-half of that of 
system 1 and one-third of that of system 2. 

4. Two tidal basins with an upper basin discharging to the sea through turbines, 
and the sea filling the lower basin through a second set of turbines. Periodically the 
upper basin is filled, and the lower basin emptied, through sluice gates. Head varies 
between 0.25-flr and 0.60//; output is some 25 per cent greater than system 3; and 
operation is constant but at the expense of the second set of turbines. 

Power Available. According to J. Royden Pierce (Eng. News-Recordy Jan. 27, 
1912), the maximum number of horsepower-hours obtainable from a tidal basin is 

//Q ^ (QV2A) 

31,800 

where H *= tidal head or range (total), ft 

Q = available drop in the level of the basin, ft, multiplied by the area A of the 
basin, sq ft 

A « area of the basin, sq ft 

Extant and Proposed Installations. To prove economical tidal power requires a 
rather rare combination of (1) large impounding areas, (2) high tidal range, (3) mini¬ 
mum difference between neap and spring tides, and (4) proximity to demand for 
power. An existing installation is at Mamaroneck, N.Y., where 1,200,000 sq ft and 
a 7-ft tide generate 330 hp for 6% hr, with an average drop of 1.4 ft, for an average of 
about 50 hp. 

Leading, proposed, but unaccomplished installations are topped by Passamaquoddy 
Bay, where it has been estimated that the impounding of tidal rivers would produce 
some 600,000 hp from a tidal range of 23.2 ft, and a neap range of some 55 per cent of 
the spring range; the general Bay of Fundy area, where the average spring tidal range 
is some 45.5 ft; the Shepody Bay area (Bay of Fundy) with estimated potentialities 
of 200,000 hp; the Severn River in England; and the Brittany coast in France. 
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WIND AS A SOURCE OF POWER 

Wind has been used for the generation of power sihce at least a.d. 1100. At the 
present time, the simplicity and low cost of small gasoline engines has relegated the 
use of wind to certain small water-pumping installations and battery-charging dynamo 
sets. Nevertheless such a tremendous amount of potential energy is available that 
wind cannot be overlooked as a source of power. 

Wind Available in the United States. Figure 10-6 shows the annual average wind 
velocity for the United States.* U.S. Weather Bureau records at Dayton, Ohio, 
showed the following general characteristics of ordinary winds: 

1. In each month, there is a well-defined group of wind velocities which predominate 
and may be called the prevalent or frequent winds; in addition, there is a group of 
winds containing the bulk of the month’s wind energy, called energy winds. 



2. The energy winds produce about three-fourths of the total energy available in a 
given month. Even in a calm summer month, 70 per cent of the energy comes from 
winds blowing only 42 per cent of the time. 

3. Energy winds blow 2 out of 7 days; prevalent winds 5 out of 7 days. 

4. The mean prevalent wind velocity is 2 inph less than the average monthly 
velocity. 

5. The energy winds blow at velocities of about 2.3 times those of the prevalent 
winds. 

6. The wind of highest energy has about 10 mph greater velocity than the most 
frequent wind. 

7. About the minimum wind velocity practical for the propeller-type wheels is 8 
mph. The ability to use wind velocities down to about 6 mph, as with light multi¬ 
blade wheels, results in about 14 per cent greater capacity than if the minimum of 8 
mph is in effect. 
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8. The ratio of the windiest to the calmest month is about 7:4. Energy in kilo¬ 
watt-hours is about times greater in the windiest month. To hold the power 
constant through the year, a regulating device must spill three times as much energy 
as is used. 

Selecting a Site for Wind-power Devices. According to Thomas,' some assistance 
in the search for wind-turbine sites may be obtained by studying the physiographic 
characteristics of the area in question, which should be one in which there is an 
observed tendency to windiness. It is helpful to imagine the wind as a vast stream 
of water flowing over the surface of the country like a river. Looking at a brook or 
rapid river, the “fast water is seen to run between stones and over obstructions on 
the bottom, and where the slope is the steepest; it is the same with the wind. 

It may be assumed that several of the following factors may be acting simulta¬ 
neously: 

1. The highest average wind will occur when there is the least surface obstruction, 
considered over a wide area, such as the ocean or a large lake. 

2. Velocity of .the wind will tend to be high on down slopes due to gravity, as with 
water. 

3. Where there are many houses, trees, and unevenness in the ground surface, the 
wind will tend to be slowed down, this effect extending to elevations above the ground 
many times the height of the obstruction. 

4. A single isolated obstruction tends to cause an increase in the velocity of the 
air locally without greatly affecting the over-all stream velocity. Such isolated 
obstructions are favorable to fringes of high wind velocities. If the obstruction is 
narrow and high, the wind will go around both sides of it. If it is long and low, like 
a rolling hill, the wind will speed up over the top. 

6. Streamline flow, as distinguished from turbulence, is very important and is 
difficult to find in wind near the ground. 

6. Because of the resistance at the surface of the ground, the velocity of the wind 
is greater at higher and higher levels, more or less in what is known as a “logarithm 
ratio. In open flat country, balloon measurements are said to have shown an average 
increase in velocity of some 40 per cent at about 500 ft above the ground, with further 
increases still higher. Note this is considerably more than would be calculated from 
the formula that follows, also secured from balloon measurements but considerably 
older. In the absence of further measurements, it can be assumed that the greater 
increase in velocity occurs largely as a resxilt of breaking away from the immediate 
retarding effect of the earth’s surface (i.e,, at lower altitudes) and that the formula 
will apply from there on up in altitude. 


Variation of Wind Velocity with Altitude^ 

Experiments with pilot balloons at McCook field (1921 to 1922) indicated that the 
wind velocity at altitudes up to 5,000 ft can be represented by the following equations: 


- (sSB +')''■ 

- (sAo + 0 


for average winds 

for highest winds observed 


where V *= velocity, mph, at an altitude h 
Vi ** velocity, mph, near the groimd 
h = height, ft aboveground 


i Thomas, Phrct H., Federal Power Commission, as reported in Mech» Erig.^ September, 194 pp. 
742-743. 

•“Custodis Chimneys,” Alphons Custodis Chimney Construction Co., New York, 1924. 
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Pressure Exerted by Wind^ 

The determination of the pressure exerted by wind of a given velocity on a ^ven 
surface has long been a subject of controversy. Several values have been assigned. 
The reason is that the airfoil effect of different shapes and surfaces is so different that 
the exact force cannot be determined in any way short of actual measurement. 

The method in the past has been to determine values for flat surfaces and then to 
apply a correction factor for various forms of profile. The equation for pressure on 
flat surfaces normal to the direction of the wind may be expressed as 

P ^CXtR 

where P = lb pressure/sq ft 

V — wind velocity, mph 

C = a constant which has been assigned values ranging from 0.00214 to 
0.00535 by various investigators of reliable standing (the weighted average 
of 0.0033 is probably sufficiently close for most practical purposes) 

Using the weighted average for C of 0.0033, a solution of this equation for various 
wind velocities is as shown in Table 10-12. 

To convert the above pressures on flat surfaces to 
pressure on round surfaces, such as chimneys, American 
engineers use a factor of to %, continental engineers 
use ; for octagonal surfaces Americans use 0.75, con¬ 
tinental engineers, 0.71. 

Windmills 

Types of Windmill. Classified roughly according to 
speed, there may be said to be three types of windmills 
in common use: (1) the slow-specd type, as exemplified 
by the American multiblade wheel; (2) the medium- 
speed type, like the familiar sweepsail four-bladed Dutch 
mill; and (3) the high-speed type, such as two- and four- 
bladed airplane-type propellers. 

Slow-speed wheels must be geared up for electric 
generation, and thus find their greatest application in 
pumping water. Medium-speed wheels have not been 
used for electric generation to any considerable extent. 

High-speed wheels of the propeller type characteristi¬ 
cally have a low starting torque and must be connected 
to such constant loads as plunger pumps through suit¬ 
able throwout clutches. Otherwise, high-speed wheels 
have the advantages of greater efficiency, less gearing 
needed to generators, small blade areas with less hazard 

Speed of Blades. The term speed in connection with a windmill refers to the 
circumferential speed of the tips of the blades. It is customary to compare this tip 
speed with that of the wind causing rotation. The factor C7/F is the common expres¬ 
sion for this ratio. (V denotes the wind speed; U the circumferential tip speed corre¬ 
sponding to V wind speed.) Table 10-13 shows characteristic speeds for several types 
of wheels. 

Efficiency. Several formulas are available for calculating the probable power from 
a windmill. Of these, the following is a simple approximation, sufficiently close for 
most purposes, particularly in the smaller applications: 

Hp exerted by the wind on the wheel » 0.00000226A 7^ 


Table 10-12. Pressure on 
Surfaces Normal to the 
Wind 


Wind 

velocity, 

mph 

Shape of surface 

Flat 

Round* 

5 

0 08 

0 06 

10 

0.33 

0 22 

20 

1.32 

0 88 

30 

3 00 

2 00 

40 

5 28 

3 54 

50 

8 25 

5 53 

60 

11 88 

7 96 

70 

16.17 

10 83 

80 

21 12 

14.08 

90 

26 73 

17.82 

100 

33.00 

22.00 


Note: Figures in body of 
table are pressures in pounds 
per square foot pf surface 
normal to the wind. 

^ Round surfaces calculated 
at two-thirds those of flat 
surfaces. 

in storms, and simplicity. 
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where A •» whole area, sq ft, eneloaed by the dreumference described by the wind 
wheel 

V = wind speed, fps 

In order to obtain the ultimate power from the particular windmill, it is necessary 
to multiply the total force of the wind, as obtained from the above formula, by the 
efficiency of the apparatus. As is illustrated in Table 10-13, this efficiency will 
range from about 22 to 42 per cent, according to the type of wheel, etc. 

Effect of Size on Economics. In the design of windmills, all linear dimensions are 
in proportion to the wheel diameter D. The area of the wheel and the power of the 
mill increase as D^, but the material required and consequent weight and cost increase 
as D®. As a result, the cost of power is proportionately greater for a large mill than 
for a small mill; the reverse of general prime-mover economics. Thus a number of 
small mills could be installed for less to produce the same power as one large mill. 
American windmills, originally 25 ft and larger, now range from 6 to 16 ft, with 8 ft 
predominating. 

The outstanding experimental effort with large-scale wind-power generation in the 
United States was that of the Central Vermont Public Service Corp. A 1,000-kwhr 
unit was installed on 2,000-ft Grandfather *s Knob, near Rutland. Principal dimen- 


Table 10-13. Typical Efficiencies and Speeds of Various Rotors^ 



Range of 

Point of best efficiency 

Type wheel 

tip speed, 
U/V 

Efficiency, 
per cent 

Tip speed 
U/V 

Slow-speed wheels, multiblade with concave metal blades 

1 0-1 5 

33 

1 17 

Medium-speed wheels, Dutch type, sweep sails . .. 

High-speed wheels: 

1 .) -3 0 

22 

2 00 

4-blade type (propeller) 

3 0-6 0 

42 

3 10 

2-blade type (propeller) 


36 

4 30 


1 Sabinin, O, Problems of Utilizing the Knergy of the Wind, Trans. Central Aero-hydynamical 
Institute, Moscow, 1926. 


sions were about as follows: tower, 107 ft high; wheel, two-blade airplane type, 175-ft 
span; all motions of rotation, pitching, yawing, etc , automatically controlled; speed 
constant at 28.7 rpm with tip speed of 15,785 fpm; 20-mile wind needed for appreciable 
power generation. While the unit was ultimately destroyed and not rebuilt, all results 
have been faithfully recorded in Power from the Wind'^ by Palmer C. Putnam.^ 
Mr. Putnam was the inventor and designer of the Smith-Putnam wind turbine used 
in the experiments. 

Proposed Larger Commercial Installation. In discussing the Smith-Putnam 
turbine, Thomas* has proposed and presented plans for a 7,500-kw wind turbine. 
Thomas proposes two wheels, each 200 ft in diameter, located on the two ends of a 
235-ft bridge, revolving on a turntable located on the top of a 475-ft tower. These 
wheels are to have three blades each, fixed in position in the hub, but without the 
feathering feature. On account of the terrific aerodynamic thrust on these blades 
due to their high speed, 550 fps at the tip, a tension brace leading from the hub is 
provided for each blade to give it sufficient strength. The two blades are geared to a 
single shaft to drive a direct-current generator. 

1 D. Van Nostrand Company, Inc , New York. 

s Thomas, Pbrct H., Federal Power Commission, paper before United Nations Scientific Conference 
on the Conservation and Utilization of Resources, at Lake Success, N.Y. (Reported in Mech. Eng., 
September, 1949, pp. 742-743. 
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The high tower is said to be desirable for two principal reasons: (1) the wheel of a 
high-speed turbine draws on a cylinder of wind several times the diameter of the wheel 
and thus benefits from free clearance; and (2) the velocity of the wind and its smooth 
streamline character are definitely improved as the altitude increases. In this con¬ 
nection, it is important to note that, as the energy content of wind increases as the 
cube of its velocity, any increase in velocity is greatly magnified in effect. Moreover, 
Thomas estimates that the cost of a 500-ft tower would be less than 25 per cent of the 
total aerogenerator cost. 


Table 10-14. Kilowatts Generated by Propeller-windmill Electric Plants^ 


Wheel 

Velocity of wind, inph 

diam. 








ft 

8 

10 

12 

16 

20 

25 

30 

12 

0 04 

0 09 

0 15 

0 35 

0 69 

1.36 

2.32 

14 

0 06 

0 12 

0 20 

0 48 

0.93 

1.83 

3 16 

16 

0 08 

0 15 

0 26 

0 63 

1.22 

2.39 

4.12 

18 

0 10 

0 19 

0 33 

0 79 

1 54 

3.02 

5 22 

20 

0 12 

0 24 

0 41 

0.98 

1 91 

3.73 

6 45 

25 

0 19 

0 37 

0 64 

1 53 

2.98 

5 83 

10 06 

30 

0 27 

0 53 

0 93 

2 19 

4 29 

8 39 

14 48 

35 

0.37 

0 73 

1 26 

2 98 

5 83 

11 40 

19 70 


» Maukh, Lionel. S., “Mechanical Engineers’ Handbook,” p. 1130, McGraw-lIiU Book Company, 
Inc , New York, 1941. 


SOLAR HEATi 

Magnitude of Solar Radiation. If a plane surface were set perpendicular to the 
rays of the sun (e.jy., for normal incidence) outside the earth’s atmosphere, it would 
receive solar radiation of about 420 Btu/hr/sq ft. A similar receiving surface on the 
surface of the earth would receive radiant energy at a considerably lower rate because 
a large part of the radiation entering the atmosphere is scattered in passing through 
the air, moisture, smoke, and dust which comprise the earth’s envelope. Also, some 
of the atmospheric constituents, notably water vapor, carbon dioxide, and ozone, 
absorb radiant energy. This absorption and scattering cause different proportionate 
reductions from outer-atmosphere radiation intensity with different wave lengths.- 
The important principle to remember is that the radiation reaching the surface of the 
earth is the sum of In and /«, where /„ is the direct radiation (at normal incidence, 
which is the transmitted fraction of the net sun radiation received by the outer atmos¬ 
phere) and Ig is the sky or diffuse radiation coming from the atmosphere itself as a 
consequence of the scattering and adsorption which give rise, in part, to a reradiation 
to the earth. The diffuse radiation does not strike only at normal incidence; it strikes 
at all angles from which the sky sees the surface in question. 

Standardized practical-purpose values of the direct radiation incident upon a plane 
perpendicular to the sun's rays at the earth’s surface have been proposed by P. Moon. 
Table 10-15 gives these data. They are representative of a clear day at about sea- 
level elevation. For industrial areas. In values will be slightly lower than this table, 
with the greatest decrease occurring at low solar altitudes toward evening. 

Practical design data on sky radiation are meager. Table 10-15 presents a basis 
of estimates for clear summer days in terms of the direct solar radiation to sky radia¬ 
tion ratio. 

i“1949 Heating, Ventilating & Air Conditioning Guide, * Chap. 15, pp. 280-281, ASHVE. Used 
by piermiBsion. 
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In the usual application, the receiving surface will not be perpendicular to the rays 
of the sun. The intensity of the direct radiation incident upon a surface (Btu per 
hour per square foot of absorbing surface) which is oriented with an angle of incidence 
for the sun^s rays is 

Id = Kh 


where Id =* intensity of incident direct radiation, Btu/hr/sq ft 

In *= intensity of direct radiation on a plane normal to the sun’s rays, Btu/hr/ 
sq ft, from Table 10-16 
K cosine of the angle of incidence 6 

The angle of incidence (see Fig. 10-7) is the angle between the sun’s rays and the 
normal to the absorbing surface. 

The solar altitude is the angle (Fig. 10-7) between the sun’s rays and the horizontal. 




Angle of Incidence 

Fig. 10-7. Definition of solar altitude and angle of incidence. {ASHVE Guide, 1949.) 


For horizontal surfaces, the magnitude of K is determined by the time of the year, 
the time of the day (sun’s position), and the latitude of the location concerned. 
Complete tabulated calculations are available for magnitudes of the factor K, for all 
needed conditions. Illustrative excerpts are given in Table 10-17. 

It must be noted that values for K as given in Table 10-17 include only the direct 
radiation; sky radiation must be calculated separately and added to the direct radia¬ 
tion (see Table 10-15). 


Table 10-15. Approximate Ratio of Direct Solar Radiation to Sky Radiation Received 
on a Horizontal Surface on Clear Days in Eastern States^ 


Solar 

altitude, 

deg 

Ratio 

Solar 

altitude, 

deg 

Ratio 

Solar 

altitude, 

deg 

Ratio 

10 

1 40 


3 84 

70 

5 63 

20 

2 30 

50 

4 55 

80 

5 90 

30 

3 10 


5.20 

90 

6 10 


I ** Heating, Ventilating, & Air Conditioning Guide,*’ Chap. 15, p. 280, ASHVE, 1949. 


Solar Irradiation of Surfaces Facing South. ^ Table 10-19 shows the sun’s position 
vertically and horizontally for four United States latitudes for different hours of the 

1 Hutchinson, F. W., Solar Irradiation of Walls and Windows South-facing: October-April, Heating, 
Piping Air Conditioning, vol. 21, No. 7, pp. 102-104, July, 1949. Mr. Hutchinson’s material is from 
a project on solar heating sponsored by the Libbey-Owens-Ford Glass Co. and carried on at Purdue 
University in cooperation with the Purdue Research Foundation. 
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Table 10-16. Direct Solar Radiation Received at Normal Incidence at the Earth’s 

Surface at Sea Levels 


{In) 


Solar 

altitude, 

deg 

/n, 

Btu/hr/sq ft 

Solar 

altitude, 

deg 

In, 

Btu/hr/sq ft 

Solar 

altitude, 

deg 

In, 

Btu/hr/sq ft 

5 

65 

30 

234 

60 

276 

10 

122 

35 

245 

70 

283 

15 

165 

40 

253 

80 

289 

20 

196 

45 

260 

90 

294 

25 

219 

50 

266 




1 “ HeatinKf Ventilating, & Air Conditioning Guide,” Chap. 15, p, 280, 1949. As an approximate 
altitude correction, add 1 per cent for each 1000 ft of altitude. 


Table 10-17. Values of K for Horizontal Planes in North Latitudes during the 

Period May 2 to Aug. lO^*® 


Local mean sun time** 

North latitude, deg 

A.M. 

P.M. 

25 

30 

35 

40 

45 

50 

5 

7 




0 034 

0 070 

0 106 

6 

6 

0 i45 

0 hi 

0.196 

0 220 

0 242 

0 262 

7 

5 

0 365 

0 382 

0 395 

0 406 

0 414 

0 418 

8 

4 

0 570 

0 578 

0 581 

0 580 

0 574 

0 564 

9 

3 

0.747 

0.746 

0 740 

0 729 

0 712 

0 689 

10 

2 

0 882 

0.876 

0 862 

0 843 

0 817 

0 785 

11 

1 

0 967 

0 957 

0 940 

0 915 

0 834 

0 845 

Noon 

0 996 

0.985 

0 966 

0 940 

0 906 

0 866 


1 *' Heating, Ventilating, & Air Conditioning Guide,” p. 283, ASHVE, 1949. 

® Figured for solar declination of 20 deg. 

The relation between local mean sun time and civil time may be obtained from weather Bureau 
offices. 


Table 10-18. Relation between Local Mean Sun Time and Solar Altitude during the 
Period May 2 to Aug. 10, North Latitudes^ 


Solar altitude 


liOcal mean sun time 


North latitude, deg 


A.M. 

P.M. 

25 

30 

35 

40 

45 

50 

5 

7 

0 

0 

0 

2 

4 

6 

6 

6 

8 5 

10 

11 

12 5 

14 

15 

7 

5 

21 5 

22 5 

23 5 

24 

24 5 

24 5 

8 

4 

35 

34 5 

35 5 

35 5 

35 

34 5 

9 

3 

48 5 

48 

47 5 

47 

45 5 

43 5 

10 

2 

62 

61 

59 5 

57.5 

55 

51 5 

11 

1 

75 5 

73 

70 

66 

62 

57 5 

Noon 

85 

80 

75 

70 

65 

60 


1 “ Heating, Ventilating, & Air Conditioning Guide,” p. 284, ASHVE, 1949. 


day from October through April. They also include hourly intensity of the rays 
normal to the sun^s angle and instantaneous irradiation on a unit area of a vertical 
south-facing surface. 

The hourly data in each table are based on exact conditions for the twenty-first 
day of the month in question, but for usual engineering computations they can be 
used with adequate accuracy for any other day of the same month. The conditions 
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Table 10-19. Solar Irradiation of Vertical Surfaces Facing South^ 


Solar time 

Solar 

Azimuth 

180 - A 

] 

Angle of 

Btu/hr 

Instantaneous 

A.M. 

P.M. 

H 

A 

B 

i 

to 

io cos i 




Latitude 30°« 





October: 









8 

4 

18 

117 

63 ! 

64 42 

247 2 

106 

7 

9 

3 

29 

127 

53 

58 24 

279 0 

146 

8 

10 

2 

39 

141 

39 , 

52 85 

295 4 

178 

4 

11 

1 

46 

158 

1 22 

49 90 

305 1 

196 

5 

Noon 

49 

180 

0 

49 00 

307 0 

201 

4 

November: 



i 





8 

4 

13 

123 

57 , 

57 95 

214 9 

114 

0 

9 

3 

24 

133 

47 1 

51 47 

269 6 

108 

0 

10 

2 

32 

147 

33 

44 67 

288 2 

205 

0 

11 

1 

38 

162 

18 

41 45 

298 0 

223 

3 

Noon 

40 

180 

0 

40 00 

301 0 

230 

6 

December: 








8 

4 

11 

125 

55 

55 74 

192 7 

108 

5 

9 

3 

21 

136 

44 

47 82 

264 9 

177 

9 

10 

2 

29 

148 

32 

42 12 

285 7 

211 

8 

11 

1 

35 

103 

17 

38 44 

290 5 

232 

2 

Noon 

37 

180 

0 

37 00 

299 5 

239 

2 

January: 









8 

4 

13 

123 

57 

57 95 

220 0 

116 

7 

9 

3 

24 

133 

47 

51 47 

276 0 

171 

9 

10 

2 

32 

147 

33 ! 

44 67 

295 0 

209 

8 

11 

1 

38 

162 

18 j 

41 45 

305 0 

228 

6 

Noon 

40 

180 

0 

40 00 

308 0 1 

235 

9 

February: 









8 

4 

18 

117 

63 ! 

64 42 

253 0 

109 

2 

9 

3 

29 

127 

53 

58 24 

285 7 

150 

4 

10 

2 

39 

141 

39 

52 85 

302 5 

182 

7 

11 

1 

46 

158 

22 

49 90 

312 4 

201 

2 

Noon 

49 

180 

0 

49 00 

314.3 

206 

2 

March: 









7 

5 

10 

97 

83 

83 10 

183 7 

22 

0 

8 

4 

25 

105 

75 

76 44 

273 6 

64 

1 

9 

3 

37 

106 

64 

69 51 

296 0 

103 

6 

10 

2 

49 

130 

50 

65 06 

310 7 

131 

0 

11 

1 

56 

152 

28 

60 42 

314 6 

153 

3 

Noon 

60 

180 

0 

60.00 

315.6 

157 

8 

April; 









6 

6 

6 

79 

101 





7 

5 

20 

87 

93 





8 

4 

32 

96 

84 

84 92 

284 8 

25 

2 

9 

3 

44 

105 

75 

79 28 

303 2 

56 

4 

10 

2 

56 

118 

62 

74 78 

310 9 

81 

6 

11 

1 

66 

140 

40 

71 85 

315 7 

98 

3 

Noon 

71 

180 

0 

71 00 

318 6 

103 

7 

Note: The original article includes all latitiules; only those of the United States i 

ire included here. 

1 Hutchinson, F 

W., Solar Irradiation of Walls and Windows Facing South, Heading, Piping Air 

Conditioning, July, 

1949, pp. 102-104. 






<* Approximates Jacksonville, New Orleans, Houston, San Antonio. 
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Table 10-19. Solar Irradiation of Vertical Surfaces Facing South. ’ {Continued) 

Latitude 85°«> 


Solar 1 

A.M. 

time 

P.M. 

Solar 

altitude 

7/ 

Azimuth 

A 

180 - A 

B 

Angle of 
incidence 

i 

Btu/hr 
/sq ft 

io 

Instantaneous 
irradiation, Btu 

io X cos i 

October: 








8 

4 

17 

118 

62 

63.32 

239 4 

107 5 

9 

1 3 

27 

128 

1 ^2 

56 73 

275 2 

151.0 

10 

2 

36 

143 

37 

49 75 

291 6 

188 4 

11 

1 

41 

160 

20 

44 83 

299 3 

212 3 

Noon 

44 

180 

0 

44 00 

303.2 

218.0 

November: 



i 




8 

4 

11 

124 

56 

56 71 

190 5 

218 0 

9 

3 

21 

135 

45 

48 69 

261 8 

172 8 

10 

2 

28 

148 

32 

41 52 

281 4 

210.7 

11 

1 

32 

163 

17 

35 82 

288 2 

233.7 

Noon 

35 

180 

0 

35 00 

293 1 

240 1 

December: 







8 

4 

10 

126 

54 

54 62 

185 8 

107.6 

9 

3 

17 

137 

43 

45 63 

245 1 

171 4 

10 

2 

24 

149 

31 

38 46 

272 8 

213.6 

11 

1 

29 

164 

16 

32 79 

285 7 

240 2 

Noon 

31 

180 

0 

31.00 

291.6 

250.0 

January: 








8 

4 

11 

124 

56 

56 71 

195 0 

107 0 

9 

3 

21 

135 

45 

48 69 

268 0 

176 9 

10 

2 

28 

148 

32 

41 52 

288 0 

215 6 

11 

1 

32 

163 , 

17 

35 82 

295 0 

239.2 

Noon 

35 

180 

0 

35 00 

300 0 

245 7 

February: 








8 

4 

17 

118 

62 

63 32 

245 1 

110 1 

9 

3 

27 

128 

52 

56 73 

281 7 

154 5 

10 

2 

36 

143 

37 1 

49 75 

298 5 

192 9 

11 

1 

41 

160 

20 

44 83 

306 4 

217 3 

Noon 

44 

180 

0 

44 00 

310 4 

223 3 

March: 








7 

5 

10 

98 

82 

82 12 



8 

4 

24 

108 

72 

73 60 

269 6 

76.1 

9 

3 

35 

120 

60 

65 82 

293.1 

120 1 

10 

2 

45 

134 

46 

60 58 

307 7 

151.1 

11 

1 

52 

155 

25 

56.10 

310.7 

173.4 

Noon 

56 

180 

0 

56.00 

314.6 

175.9 

April: 








6 

0 

7 

80 

100 




7 

o 

20 

90 

90 




8 

4 

31 

98 

82 

83 15 

284 8 

34.0 

9 

3 

42 

108 

72 

76 73 

299 3 

68.7 

10 

2 

54 

122 

58 

71 85 

309 0 

96 3 

11 

1 

62 

146 

34 

67 09 

312 8 

121.7 

Noon 

66 

180 

0 

66.00 

315 7 

128.4 


1 Hutchinson, F. W., Solar Irradiation of Walls and Windows Facing South, Heattng, Piping Air 
Conditioning, July, 1949, pp. 102-104. 

Approximates latitude of Wilmington, N.C., Chattanoqga, Memphis, Oklahoma City, Albuquerque, 
Los Angeles. 
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Table 10-19. Solar Irradiation of Vertical Surfaces Facing South. ^ (Continited) 

Latitude 


Solar 

A.M. 

time 

P.M. 

Solar 

altitude 

H 

Azimuth 

A 

i 

180 - A 

B 

Angle of 
incidence 

i 

Btu/hr 
/sq ft 

io 

Instantaneous 
irradiation, Btu 

io X cos i 

October: 








8 

4 

15 

118 

62 

63 03 

225 0 

102 0 

9 

3 

24 

131 

49 

53 18 

266 5 

159 7 

10 

2 

32 

145 

35 

46 00 

284 8 

197 8 

11 

1 

37 

162 : 

18 

40 58 

292 5 

222 1 

Noon 

39 

180 ! 

0 

39 00 

295 4 

229 5 

November: 







8 

4 

9 

124 

56 

56 48 

175 9 

97 1 

9 

3 

16 

136 

44 

46 25 

234 5 

162 1 

10 

2 

24 

149 

31 

38 46 

269 6 

211 1 

11 

1 

28 

163 

17 

32 40 

281 4 

237 6 

Noon 

29 

180 1 

0 

29 00 

282 3 

246.9 

December 








8 

4 

9 

126 

54 

54 51 

177 9 

103 3 

9 

3 

14 

136 

42 

43 86 

221 4 

159 6 

10 

2 

20 

151 

29 

34 73 

260 0 

213 7 

11 

1 

24 

165 

15 

28 08 

272 8 

240 7 

Noon 

25 

180 

0 

25 04 

276 8 

250 9 

January: 








8 

4 

9 

124 

56 

56 48 

180 0 

99 4 

9 

3 

16 

136 

44 

46 25 

240 0 

166 0 

10 

2 

24 

149 

31 

38 46 

270 0 

216 1 

11 

1 

28 

163 

17 

32 40 

288 0 

243 1 

Noon 

29 

180 

0 

29 00 

289.0 

252 7 

February: 








8 

4 

15 

118 

62 

63 03 

230 3 

104 4 

9 

3 

24 

131 

49 

53 18 

272 8 

163 5 

10 

2 

32 

145 

35 

46 00 

291 6 

202 5 

11 

1 

37 

162 

18 

40 58 

299 5 

227 5 

Noon 

39 

180 

0 

39 00 

302 5 

235 1 

March: 








7 

1 ^ 

9 

98 

82 

82 10 

175 9 

24 2 

8 

4 

22 

110 

70 

71 51 

263 8 

83 6 

9 

3 

32 

123 

57 

62 50 

288 2 

1.33 1 

10 

2 

41 

137 

43 

56 50 

302 9 

167 2 

11 

1 

47 

157 

23 

51 13 

307 7 

193.1 

Noon 

50 

180 

0 

50.00 

309.7 

199.1 

April: 








6 

6 

8 

81 

99 


i 


7 

5 

19 

90 

90 




8 

4 

30 

101 

79 

^ 80 49 

280 0 

46 2 

9 

3 

41 

112 

68 

73 58 

299 3 

84 6 

10 

2 

51 

128 

52 

67 20 

307 0 

119 0 

11 

1 1 

59 

152 

28 

62 95 

310 9 

141 4 

Noon 

61 

180 

0 

61 00 

311 8 

151 2 


1 Hutchinson, F. W., Solar Irradiation of Walls and Windows Facing South, Heating, Piping A%r 
Conditioning, July, 1949, pp. 102-104. 

^ Approximates latitude of Philadelphia, Columbus, Indianapolis, Denver. 
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Table 10-19. Solar Irradiation of Vertical Surfaces Facing South. ^ {Continued) 


Utitude 


Solar time 

Solar 

altitude 

Azimuth 

180 - A 

Angle of 
incidence 

Btu/hr 
/sq ft 

Instantaneous 
irradiation, Btu 

A.M. • 


P.M. 

H 

A 

B 

i 

10 

10 X cos i 

October: 









8 


4 

13 

119 

61 

61 81 

214 9 

101.5 

9 


3 

22 

132 

48 

51 65 

263 8 

163.7 

10 


2 

27 

146 

34 

42 39 

, 278 4 

205 6 

11 


1 

32 

163 

17 

35 82 

288 2 

233 7 

Noon 


34 

180 

0 

34 00 

291.1 

241.3 

November 

8 


4 

8 

125 

55 

55 39 

160 2 

91.0 

9 


3 

13 

137 

43 

44 55 

214 9 

153 1 

10 


2 

17 

150 

30 

34 10 

242 3 

200 6 

11 


1 

22 

164 

16 

26 96 

263 8 

235 1 

Noon 


24 

180 

0 

24 00 

269 6 

246 3 

December 

8 


4 

9 

127 

53 

53 53 

177 9 

105 7 

9 


3 

11 

139 

41 

42 20 

192 7 

142 7 

10 


2 

13 

152 

28 

30 65 

217 5 

187 1 

11 


1 

18 

165 

15 

23 26 

253 0 

232.4 

Noon 


22 

180 

0 

22 00 

266 9 

247 5 

January: 









8 


4 

8 

125 

55 

55.39 

164 0 

93 1 

9 


3 

13 

137 

43 

44 55 

220 0 

156 8 

10 


2 

17 

150 

30 

34 10 

248 0 

205 4 

11 


1 

22 

164 

16 

26 96 

270 0 

240 6 

Noon 


24 

180 

0 

24.00 

276 0 

252 1 

February: 









8 


4 

13 

119 

61 

61 81 

217 5 

102 7 

9 


3 

22 

132 

48 

51 65 

266 9 

165 6 

10 


2 

27 

146 

34 

42 39 

281 7 

208 1 

11 


1 

32 

163 

17 

35 82 

291 6 

236 4 

Noon 


34 

180 

0 

34.00 

294.6 

244.2 

March: 









7 i 


5 

8 

101 

79 

79.11 

160 2 

30.3 

8 


4 

20 

111 

69 

70.32 

256.9 

86.5 

9 


3 

29 

124 

56 

60 72 

282 3 

138 1 

10 


2 

38 

140 

40 

52 90 

298 0 

179.9 

11 1 


1 

44 

160 

20 

47.48 

307.7 

208 0 

Noon 


45 

180 

0 

45.00 

308.7 

218.3 

April: 









8 


4 

30 

103 

77 

78 77 

280 0 

54 5 

9 


3 

39 

117 

63 

69 34 

295 4 

104.2 

10 


2 

47 

133 

47 

62 29 

304 1 

141 4 

11 


1 

54 

154 

26 

58 11 

309 0 

163 2 

Noon 


56 

180 

0 

56 00 

310 9 

173.8 


1 Hutchinson, F. W., Solar Irradiation of Walls and Windows Facing South, Heating, Piping Air 
Conditioning, July, 1949, pp. 102-104. 

Approximates latitude of Eastport, Me.; Montreal, Ottawa, Minneapolis, St. Paul, Sheridan, 
Wyo., Portland, Ore, 
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given are those existing at the start of the stated hours. (It will be noted that condi¬ 
tions for January and November can be taken as the same, as can those for February 
and October.) 

The solar altitude H is expressed in degrees of elevation above the true horizon. 
This is the vertical angle of the sun’s rays. 

The solar azimuth is expressed in degrees east of north (up to 90 deg for true cast) 
and south of east (up to 180 deg for due south at solar noon); for afternoon hours the 
azimuth values correspond to the number of degrees west of north. 

The angle B given in the fourth column is 180 deg less the azimuth, hence is equal 
to the horizontal angle between the direction of the sun’s rays and a normal to a south¬ 
facing wall. 

The angle of incidence i is the number of degrees between the actual direction of 
the sun’s rays and a normal to the vertical surface. (By trigonometry, the cosine 
of the angle of incidence is equal to the product of the cosines of its vertical and 
horizontal component angles, H and B.) 

The normal intensity iq is the Btu received in 1 hr (on a clear day) on 1 sq ft of 
surface located at sea level and normal to the direction of the sun’s rays. The evalua¬ 
tion of io depends on the turbidity of the earth’s atmosphere, the sun’s distance from 
the earth, and the solar altitude. Turbidity varies with weather and with locality 
and is indicative of the depiction of solar energy due to the scattering effect of dust 
and water vapor and the absorption effect of water vapor, carbon dioxide, and ozone. 
The values shown in these tables will thus not be exact for all localities at all times but 
are believed to be an approximation of adequate accuracy for most engineering 
purposes. The shape of the ^o vs. H curve is assumed to be fixed, but the magnitude 
of the to changes as the sun moves closer to or farther from the earth. Maximum 
values occur in January, when the sun is at a minimum distance from the earth; a 
decrement of 5 Btu per month has been assumed on either side of January. 

The last column of the table is the instantaneous rate of irradiation of unit area of 
south-facing vertical surface (the product of to and cosine t). In using this value, the 
designer must remember that “irradiation” refers to energy impinging on the surface 
and is not necessarily indicative either of energy entering the structure through a 
window or of energy actually absorbed by an opaque wall. The irradiation rate is, 
however, the basic term for use in evaluating either transmission or absorption. 

Systems for Utilizing Solar Heat. Solar heating systems usually consist of two 
interconnected parts: (1) a heat “trap” or accumulator, consisting of double thick¬ 
nesses of glass separated by an inert air space and backed by black metal heating 
coils or liquid-containing plate surfaces; and (2) a storage tank, ordinarily merely a 
well-insulated water-filled tank, of suitable size. The heat trap, designed to admit 
a maximum amount of heat from the sun and to lose as little as possible by reradiation 
to the atmosphere, is usually located on the roof and so tilted as to be as nearly normal 
to the sun’s rays as possible. 

Tropical regions, such as Miami, have made extensive use of solar radiation, as 
described above, as a source of service water supply. While there are numerous 
variations from the simple system, the usual design consists of a glass (preferably 
double) faced coil some 3 ft or more square, located on the roof or in the back yard, 
and an oversized well-insulated storage tank in the house. Operation is very satis¬ 
factory in normal weather, the insulation being adequate to carry over a relatively 
short period of bad or sunless weather. 

For house heating, an obvious limitation is the size of tank that would be needed 
for a factor of safety to carry over storms, in any area where heating is really essential. 
In current experimental installations. Dr. Maria Telkes, research associate at MIT, 
is attempting to solve this through the use of the heat of fusion of such chemicals as 
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Glauber’s salt. This melts at 90°F, absorbing some 9,600 Btu per cu ft. This heat 
is thus stored for use when cooled below 90®F such as by passing circulation air over it. 

In an experimental house built for Dr. Telkes at Dover, Mass., large panes of figured 
glass form the front of a blind second story. Black-painted steel sheets are located 
3 in. behind the glass. Air blown through the space thus formed absorbs heat from 
the steel plates for distribution to the house or storage in the salts as required. The 
Glauber's salt is kept in a large closetlikc room in the center of the house in stacked 
steel canisters. These are permanently sealed, and the salt is thus never exposed to 
the atmosphere. Air passing over and around the cans gives up or absorbs heat 
according to the direction of the temperature difference. When heat is needed by 
the house, air is circulated from the storage room to it. It has not yet been established 
whether any change or ultimate decomposition of the salts will make replacement 
necessary. 

A second house, on test at MIT, employs conventional water storage in a 1,320- 
gal attic tank. Thermostatic controls and circulating pumps regulate flow either to 
the heat trap or to the radiant-coil house-heating system as needed. 

A third experimental installation in Switzerland consists of 26, 85-ft pipes, 

having 4-in. centers and a surface of 805 sq ft, located below a double glass roof. A 
buried 33 cu yd tank serves for storage. The Engineers^ Digest (British edition, 
December, 1947) reports that they have been able to heat the tank to the boiling 
point and that the maximum total actual heat transfer (July) was 800 Btu/sq ft/day 
as compared with a calculated theoretical maximum of 2,200. This agreed with 
results at MIT, where the heat trap was reported as about 37 per cent efficient. 

It is usually necessary to make some provision to prevent the coils in such systems 
from freezing and from losing heat to the atmosphere at night and during sunless 
times. 

THERMAL SPRINGS^ 

In several instances where the temperature of hot springs is adequate, they have 
becjii utilized as a source of heat or power. 

The outstanding example is the city of Reykjavik, capital of Iceland, where over 
3,000 houses receive all heat and hot water from thermal springs located some 16 km 
distant. In the hot spring region, 43 holes have been bored 4 to 8 in. in diameter 
and 135 to 720 m in depth. The additive depth of all holes is about 15,000 m. The 
water temperature at the springs varies from 80 to 90°C (176 to 194‘’F) with an average 
of 87®C (189®F). Water flow was originally 100 1 per sec, boring increased this to 
260 1 per sec, and air lift produces a maximum of 300 1 per sec. Steel pipe is used as 
a casing in the uppermost parts of the holes only. 

Water flows by gravity to a receiving cistern, thence to a pumping station and the 
main distribution system. At Reykjavik, seven tanks with total capacity of 7,400 
cu m receive the water from the pumps; discharge to the town mains is by gravity 
from these tanks, with a booster-pump system for maximum needs. 

Street mains total 40 km of 1- to 18-in. pipes. Leads from the streets to the houses 
are mainly to 1 in. 

After considerable experimentation, the following insulation was employed: trans¬ 
mission lines, double cover of a special turf; city mains, porous-lava-slag fill in concrete 
troughs; outdoor house lines, glass-wool covered with sealed coat of tarred paper; 
indoor house lines, felt wrapped in linen; receiving cistern, turfy ground; distribution 
tanks, coated inside with 15 cm of pumice slabs concrete coated; then three layers of 
asphalted linen; and finally 5 cm of reinforced concrete to protect the linen. 

The insulation system has proved so effective that, in the coldest winters; the tem- 

^SiovRDSBON, Hblgi, “Hitaveita Reykjavikur” (Reykjavik Hot Water Supply), Steindorsprent 
H.F., 1947. 
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perature drop is only 2 to 3°C from the springs to the distribution tanks (15.3 km), 
and 3 to 4°C from there to the farthest home on the lines. 

As the homes formerly used coal, the hot-water supply lines were merely tapped 
into the coal boilers, which were left in place to serve as storage tanks. Service water 
is taken direct from the line before it enters the heating system. Used water is dis¬ 
charged to the sewage system. 

The cost of the project amounted to 30 million kr6na. The cost of water to the 
consumer is 0.68 kr6na per cubic meter from May 14 to Oct. 1, 1.36 kr6na for the 
remainder of the year. The savings for the individual consumer compared with the 
cost of coal amounts to not less than 10 per cent. 

Potential locations for similar installations are necessarily limited, such as to 
California and Wyoming (Yellowstone) in the United States (most other so-called 

hot-springs** are warm only), Mexico, Italy, New Zealand, and other volcanic areas, 
or areas where the earth *s crust is thin. However, there are innumerable industrial 
plants and processes discharging hot water in quantities and at temperatures that 
would warrant study of the Keykjavik system, with the thought that it might be 
employed for the use of nearby homes and other buildings. 

THERMIT 

Thermit is used extensively as a source of heat where very high sustained tempera¬ 
tures are desired, as in welding heavy sections and in the foundry for purifying iron 
and steel in the ladle. Three varieties are available, plain thermit consisting of a 
mixture of iron oxide and aluminum powder; railroad thermit in which % per cent 
nickel, 1 per cent manganese, and 15 per cent mild steel has been added to plain 
thermit; and cast-iron thermit in which 3 per cent fcrrosilicon and 20 per cent mild 
steel has been added to plain thermit. The uses of the three types follow their names 
rather closely. 

On ignition, thermit develops temperatures estimated at between 4170 and 4900®F 
(2300 and 2700°C), with the following chemical reaction: 

8A1 + 3re304 = 9Fe + 4 AI 2 O 3 

In nonchemical terms, this means that 217 parts of aluminum unite with 732 parts 
(both by weight) of iron oxide to form 540 parts of steel and 409 parts of slag. 

ATOMIC ENERGY! 

Summing up the status of atomic-energy developments, within the limitations 
necessarily imposed by considerations of national security, David E. Lilienthal, 
former chairman of the United States Atomic Energy Commission, said on Oct. 6, 
1947, with particular reference to the industrial use of atomic power: ‘* ... In our 
opinion the long-time prospects are bright indeed. . . . But the fact should be faced 
squarely that the first commercially practical atomic power plant is not just around 
the corner, not around two corners. . . . ** 

Stressing that a ^‘jungle of difficult scientific and engineering problems** must be 
penetrated, Lilienthal further stated that ‘Hhere are other barriers that must be over¬ 
come before any substantial part of our energy supply—say 10 to 20 per cent—comes 
from atomic energy,** He noted that the most common estimate or educated 
guess ** to overcome the technical difficulties and have a useful practical demonstration 
plant in operation is from 8 to 10 years (from 1947). He felt that it will supplement 
rather than supplant existing economical sources of energy supply. 

1 *' Inter Fuel Competition,” Federal Power Commission Report of the Natural Gas Investigation, 
Part VII, Docket G580, pp. 21-26, February, 1947. Thomas, C. A., Nonmilitary Uses of Atomic 
Energy, Chem. Eng, News, vol. 24, pp. 2480-2483, Sept. 25, 1946. 
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Heat Produced by Nuclear Fission. Indicating the tremendous potentialities of 
atomic fission, Gilliland ^ pointed out that 1 lb of uranium when decomposed gives 
approximately three million times as much heat as would be produced from 1 lb of 
coal and therefore that 1 lb of uranium is the potential heat equivalent of 1,500 tons 
of coal, 36 million cu ft of natural gas, or 280,000 gal of oil. 

A consideration of fissionable materials and the future development of industrial 
heat and power from them is of importance as an insight into our energy sources of 
the future. A group of American scientists in a report to Bernard M. Baruch, 
United States representative on the United Nations Atomic Energy Commission, 
released on Sept. 7, 1946, estimated that the operating cost of atomic power would be 
only 23 per cent more than in a modern public-utility plant using coal costing $7 a ton. 
With coal at $10 a ton the operating costs would be the same. This report was based 
on studies made under the direction of Dr. Charles A. Thomas, vice-president and 
technical director of the Monsanto Chemical Co. It was estimated that a nuclear 
power plant of 75,000 kw capacity could be built and equipped for 25 million dollars 
and that the operating cost, including 3 per cent interest on the investment, would be 
0.80 cent per kilowatt-hour, as compared with a coal plant of the same capacity cost¬ 
ing 10 million dollars for installation and 0.65 cent per kilowatt-hour for operation. 

While this cost is too high to compete with coal under present conditions, it is 
reasonable to expect that material lowering of cost will follow from an energetic 
research program on the industrial utilization of atomic energy. 

It is probable that safe and economical central-station power ultimately will be 
developed on a commercial basis, and it may even prove feasible for driving large 
ships. Further, it is the belief of many of the scientists connected with this work 
that a comparatively small nuclear power plant will be developed. 

It would appear that the cost of nuclear power may decrease and the cost of coal 
power increase as time goes by. However, in this connection, it should be noted that 
the direct and indirect (as reflected in original plant costs) labor and supervision costs 
for the nuclear plant are expected to be greater than for the coal plant, an item which 
might offset increasing costs of coal fuel. 

The nuclear power plant offers an attractive combination with the modem gas 
turbine, obviating the need for large cooling-water supplies, and virtually eliminating 
both the transportation and storage of coal or other bulk fuels. 

In addition to the question of nuclear power vs. solid, liquid, or gaseous fuels, the 
nuclear power plant has advantages and fields of application not open to other types 
of power-producing plants. 

Aside from the highly important and extremely complex problems of safety, details 
which must be solved before nuclear power can be offered commercially include the 
probable use of very high temperatures in the nuclear plant; the effect of radiation 
on the various materials or parts necessary to plant construction; the purification of 
coolants and waste products; extraction of the ‘‘ash” or spent fuel and insertion of 
fresh nuclear material without interrupting operation; developing a means of either 
servicing the device or making it absolutely service-free, and the necessity for working 
in an entirely virgin field of engineering where even the most basic information on the 
physical and chemical properties imder the essential conditions of operation are 
lacking. 

Reserves. Information is not available on the national reserves of fissionable 
material such as uranium and thorium. On the basis of 1,600 tons of coal being 
equivalent to 1 lb of fissionable material (uranium products), only about 1 million tons 
of the latter would be required to equal the entire estimated (high) national reserve 
of 3.2 trillion tons of coal. 

1 Gilliland, E. K., deputy dean of engineering, MIT. 
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THE FUNDAMENTAL REACTIONS OF COMBUSTION 

Combustion may be defined as any chemical process accompanied by the evolution 
of light and heat, commonly the union of substances with oxygen. Where the reac¬ 
tion is slower and not accompanied by light, it is usually known as oxidation, even 
though the combustion reaction is the same. The difference between combustion 
and oxidation is thus often a matter of speed of reaction only. Nitrogen, and the 
very small amounts of other gases commonly present in air, do not enter into the 
combustion processes, since, to all practical purposes, they are inert. In fact, the 
presence of nitrogen actually lowers the flame temperature by the amount required 
to heat the nitrogen. 

Elements of Combustion^ 

Of all the chemical elements, only carbon, hydrogen, and sulphur arc combustibles, 
in the sense of commercial combustion problems. Oxygen is not combustible but 
will support the combustion of these three. Nitrogen is inert, being neither combus¬ 
tible nor a supporter of combustion. 

All the compounds of commercial combustion are combinations of some two of the 
four elements carbon, hydrogen, oxygen, and sulphur. Of these, the following are 
the compounds formed in normal furnace reactions: 

1. Carbon dioxide: the complete union of carbon and oxygen 

2. Carbon monoxide: the partial combustion of carbon and oxygen, such as with 
a restricted supply 

3. Sulphur dioxide : the partial, though normal, union of sulphur and oxygen 

4. Sulphur trioxide: the complete union of sulphur and oxygen, but requiring a 
more complex condition for its formation in appreciable quantities. 

Computation of Weights of Products of Combustion. The usual method consists in 
obtaining the molecular weights of the components of the equation at hand (such as 
from Table 11-2, second column) and substituting these values in the equation to be 
solved. 

Example. To find the weights of the product formed in burning carbon to carbon 
dioxide (CO 2 ), find from Table 11-1 that the equation is C + O 2 = CO 2 ; and from Table 
11-2 that the respective molecular weights of carbon and oxygen are 12 and 32. Then, 
since the formula C O 2 call for one molecule (or mol) each of carbon and oxygen, it 
follows that 12 lb of carbon will unite with 32 lb of oxygen to form 44 lb of carbon dioxide. 
(Similar calculations for other products are shown as the last column of Table 11-1.) 

Addition of Nitrogen Weight. Since oxygen is seldom used in a pure state, but as 
mixed with nitrogen in air, it is necessary to add the nitrogen weight accompanying 
the oxygen used, to obtain the total resultant carbon dioxide plus the nitrogen. 
This is the true total weight of the product of complete combustion of pure carbon. 

Example. From Table 11-3 it is seen that for every pound of oxygen used, 3.32 lb of 
nitrogen will be carried along as an inert. Thus, in our example, the 32 lb of oxygon 
needed for making 44 lb of CO 2 , will contain 32 X 3.32 or 106.24 lb of nitrogen to raise the 
total product weight to 44 -f 106.24, or 150.24 lb. 

As the ratios of the elements are constant, it is merely a matter of mathematics 
to convert such calculations to terms of one or any given number of pounds of fuel. 

1 Swain, P. W,, and L, N. Rowlbt, “Library of Practical Power Engineering” (collection of articles 
published in Power)y Part II, Chap. 7, pp. 4—6, McGraw-Hill Publishing Company, Inc., New York, 
1949. 
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Table 11-1. Chemical Reactions 


Combustible substance 

Reaction 

Mols 

Lb« 

Carbon to carbon monoxide. 

C 4- HOa = CO 

1 + - 1 

12 + 16 = 28 

Carbon to carbon dioxide 
Carbon monoxide to carbon 

C -H Oa = COa 

1 + 1 = 1 

12 + 32 = 44 

dioxide. 

CO + HOa = COa 

1 + M - 1 

28 + 16 = 44 

Hydrogen. 

Ila 4- >^02 = H 2 O 

1 + >^ = 1 

2 + 16 = 18 

Sulphur to sulphur dioxide 

S 4- 02 = SOa 

1+1 = 1 

32 + 32 = 64 

Sulphur to sulphur trioxide 

S + ^^02 = SOa 

1 + ^^ - 1 

32 + 48 = 80 

Methane. 

CH 4 4- 2 O 2 = CO 2 4- 2HaO 

1 + 2 = 1+2 

16 + 64 = 44 + 36 

Ethane . 

C 2 H 6 4- KO 2 = 2 CO 2 4- SllaO 

1 + J-ji =2 + 3 

30 + 112 = 88 + 54 

Propane. 

C 3 H 8 + 5 O 2 = 3 CO 2 + 4 H 2 O 

1 + 5 = 3 + 4 

44 + 160 = 132 + 72 

Butane .... 

C 4 H 10 4- ^^Oa = 4 CO 2 4- 5 H 2 O 

1 + =4 + 5 

58 + 208 = 176 + 90 

Acetylene.. 

C 2 H 2 4- >^02 = 2 CO 2 -f H 2 O 

1 + ^^ = 2 + 1 

26 + 80 = 88 + 18 

Ethylene... 

C 2 H 4 4- 3 O 2 = 2 CO 2 4- 2 H 2 O 

1 + 3 = 2 + 2 

28 + 96 = 88 + 36 


o Substitute the molecular weights in the reaction equation to secure pounds. The pounds on each 
side of the equation must balance. 


Table 11-2. Properties of Combustion Elements^ 


Element or 
compound 

For¬ 

mula 

Mol. wt 

At 14.7 psia, 60°F 

Nature 

Heat value, Btu 

Wt, 

Ib/cu ft 

Vol, 
cu ft/lb 

Gas 

or 

solid 

Com¬ 

busti¬ 

ble 

Per 

lb 

Per cu ft 
at 14.7 
psia, 60®F 

Per mol 

Carbon. 

C 

12 



S 

Yes 

14,540 


174,500 

Hydrogen 

Ha 

2 02« 

0 0053 

188 

G 

Yes 

61,000 

325 

123,100 

Sulphur 

S 

32 



S 

Yes 

4,050 


129,600 

Carbon monoxide 

CO 

28 

0 0739 

13 54 

G 

Yes 

4,380 

323 

122,400 

Methane 

CH4 

16 

0 0423 

23 69 

G 

Yes 

24,000 

1,012 

384,000 

Acetylene 

C 2 II 2 

26 

0 0686 

14 58 

G 

Yes 

21,500 

1,483 

562,000 

Ethylene 

C2H4 

28 

0 0739 

13 54 

G 

Yes 

22,200 

1,641 

622,400 

Ethane 

Calle 

30 

0 0792 

12.63 

G 

Yes 

22,300 

1,762 1 

668,300 

Oxygen 

O 2 

32 

0 0844 

11 84 

G 





Nitrogen 

N 2 

28 

0 0739 

13 .52 

G 





Air** . 


29 

0 0765 

13 07 

G 





Carbon dioxide. . ^ 

cbs 

44 

0 1161 

8 61 

G 



1 


Water 

H20 

18 

0 0475 

21 06 

G 






^ Swain, P. W., and L. N Rowley, “Library of Practical Power Engineering” (collection of articles 
publi 8 he<l in Power), Part II, p. 9, McGraw-Hill Publishing Co., Inc., 1949. 

® For most practical purposes, the value of 2 is sufficient. 

* The molecular weight of 29 is merely the weighted average of the molecular weight of the con¬ 
stituents. 


Table 11-3. Composition of Atmospheric Air 



By volume 

By weight 

Per cent 

Ratio 

Per cent 

Ratio 

Nitrogen. 

79 

3 76 

76 8 

3 32 

Oxygen. 

21 

1 00 

23 2 

1 00 

Total . 

100 " 

4 76 

100 0 “ 

4.32 
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CALCULATION OF GAS VOLUMES^ 

All the basic chemistry of the preceding section was in terms of weights. A knowl¬ 
edge of volume relations is also important because all the combustion products and 
many combustibles are gases. ' 

There are three basic laws of gases, all important, those of (Charles, Boyle, and 
Avogadro. 

Charles’s Law: If a given weight of gas is kept at constant pressure, its volume 
will be proportional to its absolute temperature. 

Thus, if the absolute temperature is doubled, the volume will be doubled (absolute 
temperature — °F + 460). 

Example. Given 400 cu ft of gas at 60®F. To compute the new volume if the tempera¬ 
ture is raised to 600°F without change in pressure. 

Answer. Original absolute temperature = 60 + 460, or 520°. Final absolute tempera¬ 
ture == 600 -|- 460, or 1060. Ratio of volumes is thus 1060 -5- 520 = 2,04, so final volume 
is 2.04 X 400 or 816 cu ft. 

Boyle’s Law: If a given weight of gas is kept at constant temperature, its volume 
will be inversely proportional to the absolute pressure. 

Thus, if the pressure is doubled, without change in temperature, the volume will 
be halved (absolute pressure is gauge pressure plus 14.7 psi at standard sea-level 
barometric pressure). 

Example. Given 400 cu ft of gas at 10 lb gauge. To compute the volume at 80 lb 
gauge without change in temperature. 

Answer. Original absolute pressure 10 + 14.7 or 24.7 psia. Final absolute pressure 
80 + 14.7, or 94.7. Then ratio is 94.7 -f- 24.7, or 3.83 and final volume is 400 -f- 3.83, or 
153.2 cu ft. 

Avogadro’s law is almost as useful as Charles \s and Boyle’s, but less widedy under¬ 
stood: 

Avogadro’s Law (Statement 1): At given pressure and temperature, all gases have 
the same ntunber of molecules per cubic foot. 

Avogadro’s Law (Statement 2): At given pressure and temperature, the weight of 
1 cu ft of any gas is directly proportional to its molecular weight. 

Statement 2 follows directly from statement 1. If the volume is properly selected, 
the number expressing the actual weight in pounds will be the same number as that 
expressing the molecular weight. For standard conditions (60°F and 14.7 lb abs), 
this volume will be 379 cu ft. 

The “Mol.” This quantity of any gas, whether expressed in pounds or as 379 cu 
ft at standard conditions, is called one “pound-mor^ or, for short, simply one “mol.’^ 

Thus a mol of hydrogen is 2 lb of hydrogen (since the molecular weight of H 2 is 2). 
Likewise a mol of oxygen (O 2 ) is 32 lb, and so on for all gases. 

Note: The weight of a mol is not affected by changes in pressure and temperature, 
but the volume does change. Thus, at 32°F and 14.7 psia the volume of a mol is 359 
cu ft. 

By simple algebra, the laws of Charles, Boyle, and Avogadro can be combined into 
a simple formula relating pressure, volume, and temperature for any gas. By means 
of this formula and molecular weights, all gas volumes and weights can be figured 
entirely without tables. The formula follows: 

PV *= KT 

where K = 10.7 molecular weight 
P = absolute pressure, psi 
V = volume of 1 lb of the given gas, cu ft 
T == absolute temperature 

1 Swain, P. W., and L. N. Rowley, loc. cit. 
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For convenience, this formula can be written in the following three ways: 

Pressure = K X temperature -i- volume (1) 

Volume = K X temperature -7- pressure ' (2) 

Temperature = pressure X volume K (3) 

Note: In all the foregoing, the temperatures and pressures used must be absolute. 

Problem. Without referring to any tables, find the volume of 1 lb of nitrogen at atmos¬ 
pheric pressure and 60°F. 

Solution. Pressure = 14.7 psia absolute temperature = 60 + 460 = 520®. For nitro¬ 
gen K = 10.7 28 = 0.382. Thus volume = 0.382 X 520 -i- 14.7 or 13.5 cu ft. 

Since the above problem was figured for standard pressure and temperature, the 
volume of 1 mol can be checked, by multiplying by 28 (molecular weight of nitrogen) ; 
thus 28 X 13.5 = 379 cu ft (checks). 

Cwo more convenient formulas follow: 

At 60®F and 14.7 psia, 

Volume of 1 lb of gas = 379 - 7 - molecular weight 
Weight of 1 cu ft of gas = molecular weight -f- 379 

Table 11-1 shows all the more common combustion reactions in terms of volumes. 
Volume of each gaseous substance is directly proportional to the number of molecules 



Fig. 11-1. Theoretical air required and combustible per 10,000 heat units (Btu). {Coch¬ 
rane Corp., Philadelphia, 1928.) 

ill the equation. Thus two molecules of CO combine with one molecule of'02 to 
produce two molecules of CO 2 . Also two volumes of CO combine with one volume of 
O 2 to make two volumes of CO 2 . Also (since the mol is a unit of volume, 379 cu ft 
under standard conditions) 2 mols of CO combine with 1 mol of O 2 to make 2 mols of 
CO 2 . Finally, mols can be readily converted back to pounds, thus: 

2 X 28 lb of CO + 32 lb O 2 = 2 X 44 lb CO 2 
56 lb CO + 32 lb O 2 = 88 lb CO 2 

Clearly, the mol is extremely convenient in figuring combustion problems involving 



350 the combustion of fuels 



^ Power, December, 1948, p. 118. 

® Varying assumptions for molecular weight introduce a slight inconsistency in the values of air and combustion products from the burning of hydrogen. True 
molecular weight of hydrogen is 2.02, but the approximate value of 2 is used in figuring the air and combustion produois. 















Table 11-6. Properties and Data on Components and Products of Combustion 
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Mean 

Specific 

heat* 

3.4750 

0 2211 

0 2406 

0 2214 

0 2406 
0.649 

0.461 

Btu 

Lower 

(net) 

52,920 

0 

21,670 
21.020 
20 420 
20,500 

Higher 

14,540/ 

62,000 

a 

5,940* 

B 

8 

4,380 

23,850 

21,460 

21,450 

22,230 

0 

fti 

CO 00 U5 <N ^ CO eo 

00 W »-t 00 CO OS >-' « CO 

1000 iOTi<»o>or^»ooeoeo 

CO-St* eo w3 os »o uo »o N 

Vol, 
cu ft/lb 

14 97* 
177 906 

11 209 

12 809 

8 103 

12 811 

22 222 

13 468 

12 807 
11.806 

5.473 

12 390 

Wt, 

Ib/cu ft 

0 0668* 

0 00562 

0 08921 

0 07807 

0 12341 

0 07806 

0 04500 

0 7425 

0 07808 

0 08470 

0 18272 

0 08071 

Relative density 

W 

»o 

•-(CO T»(Nrj<OOeO'^sO(N't 

^ ^ r-t ^ C<> r-i 

air = 1 

0 820* 

0 0696 

1 1053 

6 9673 

1 5291 

0 9672 

0 5576. 
0 9200' 
0 9674 

1 0494 

2 2639 

1 0000 

lenition 

temp, 
deg F 

d 

1130 

0 

470 

0 

0 

1210 

1202 

900 

1022 

1000 

Mol. 

wt 

»0 Q 

.rHOTjic^i-<i-tcoeoeoiOt-'4( 

OO-^OOOOOOOOOS 

W(Nrf*OO^OOcOCOOOO'^fOO 

eQCOCv|'^J(<N*-HPlCS|COcOC<l 

Atomic 

weight 

12 005 

1 008 
16 000 
32 07 

14 01 

Molecular 

symbol 

OWOoj^zJOOOOOOm • 


Carbon .... ... 

Hydrogen.. 

Oxygen. 

Sulphur 

Nitrogen 

Carbon dioxide. 

Carbon monoxide . 

Methane . 

Acetylene . 

Ethylene . 

Ethane 

Sulphur dioxide . . . 

Air. 

i 


o 


-I 

a? 

£-S 

P. 

li 

IP 


a ^ 
S TJ 

V 

fl .*5 


|.5 

I 2 

S .2 

d fl 


s ° 

^ d' 

O CO < 


2 

2 0 

S 

S S 
d S 
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* Value shown is as burned to SO3; sulphur to SOj is 4,050 Btu. 









352 


THE COMBUSTION OF FUELS 


the analysis of flue gases or of fuel gases, as it is possible to work in either volumes or 
weights and to change back and forth quickly. 

Note that the weight of 1 mol of CO 2 is always 44 lb, regardless of pressure or tem¬ 
perature. Its volume is 379 cu ft at standard conditions, also 359 cu ft at 14.7 psia 
and 32°F. 

Mols of Solids {Carbon and Sulphur), A mol of carbon is 12 lb and a mol of sulphur 
32 lb. Obviously, however, a mol of carbon at standard pressure is not 379 cu ft, 
because it is not a gas. In the case of carbon and sulphur, therefore, consider the 
weight of the mol, but not the volume. 

Mols of Water, Water is a joker in a mol analysis. Water vapor is a gas, an 
imperfect gas that follows the gas-volume formula roughly at high temperatures. 
When flue gas is analyzed, the water vapor condenses to a liquid so that none of its 
Volume shows up in the analysis. 

REQUISITES TO PROPER COMBUSTION 

In view of the great number of factors involved in the combustion of any fuel, and 
the great variation in the characteristics not only of different classes of fuel, but of 
different fuels of the same class, it is obvious that the specific requirements for the 
proper combustion of an individual fuel must be considered as a distinct problem. It 
is possible, however, from the foregoing, to draw certain general conclusions as to the 
combustion requirements of any fuel, whether solid, liquid, or gaseous; and, since such 
conclusions form the basis of the design of all combustion apparatus, they are worthy 
of careful note. 

These general requirements of proper ^combustion may be summarized as follows: 

1. The admission of an air supply such as will assure sufficient oxygen for complete 
combustion. 

2. Since complete combustion is not of necessity efficient combustion, it must bo 
secured without permitting the dilution of the products of combustion with excess air. 
It follows then, that 

3. The air supply should be admitted at the proper time and in such a manner that 
the oxygen of the air comes into free and intimate contact with the combustible 
substances of the fuel. In the case of solid fuels, this means not only into contact 
with the solid particles of the oxidizable substances, but also with the combustible 
gases as they are distilled from the fuel. 

4. The gases must be maintained at a temperature at or above their ignition point 
until combustion is complete. Theoretically, as has been indicated, the most effi¬ 
cient combustion is that resulting in the maximum temperature possible. In practice, 
there are frequently factors which, from the standpoint of practical operating effi¬ 
ciency, make it advisable to keep furnace temperatures somewhat below those whicdi 
could be obtained were this the sole factor involved. 

6. An additional requirement, which has to do with the physical rather than the 
chemical aspect of combustion, is that proper provision must be made for the expan¬ 
sion of gases during the period of their combustion. 

In considering combustion, it is necessary, though perhaps difficult for the average 
boiler user, to distinguish between the purely chemical changes that accompany 
oxidization and the purely physical aspect of the later transformation of heat energy 
in the passage of the products of combustion through the boiler, f.e., the absorption of 
heat by the boiler from such gases. The efficiency of combustion is thus independent 
of the ability of the boiler under which combustion takes place to absorb heat, and in 
the requirements of proper combustion just summarized such ability is either assumed 
or neglected. 

From the general conclusions drawn, it would seem perhaps a simple matter to 
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meet the requirements of proper combustion. Unfortunately, however, such is not 
the case, and it is, as stated heretofore, the physical and mechanical details encoun¬ 
tered in attempting to fulfill such requirements that render the problem of proper 
combustion difficult. Assuming proper furnace form and adequate combustion tem¬ 
peratures, the problem is solely one of air admission and admixture. The factors 
entering into the problem and the methods used to bring about the desired results are 
so widely varied for different fuels that it is necessary, as stated, to consider each class 
of fuel specifically for any but the most general statements. 













0 40 80 120 160 200 240 280 320 360 400 

Excess air, percent 

Fig. 11-4 Relationship of CO 2 and excess air per cent for gases shown. 

Furnace Atmospheres^ 

Oxidizing atmosphere in a furnace means an atmosphere in which there is an excess 
of oxygen or air present. Sometimes it is desired to have such an atmosphere to aid 
certain chemical reactions. In most cases of furnace heating, this type of atmosphere 
results in waste of fuel and, in processing, in scaling of the work. Also, in some cases, 
an oxidizing atmosphere exists because it has been necessary to reduce the flame tem¬ 
perature by dilution with cold air for low-temperature operations. 

Reducing atmosphere in a furnace means an atmosphere in which there is a defi¬ 
ciency of oxygen or air to complete the process of combustion. Such an atmosphere 
is deliberately produced in some operations to aid certain chemical reactions or to 
preclude scaling or oxidizing of the work. In most (jases of furnace heating, excessive 
reducing atmosphere causes a waste of unconsumed fuel and a lowering of furnace 
temperatures. 

Neutral atmosphere is, as the name suggests, neither oxidizing nor reducing and 
indicates a state of perfect combustion. For a given high-ternperature heating fur¬ 
nace, this type of atmosphere is usually the ideal and represents maximum fuel 
economy in combustion. 

RATE OF COMBUSTION VS. AIR SUPPLIED^ 

(Solid Fuels) 

The popular conception that ^*the more air that is supplied, the more rapid the rate 
of combustion of solid fuels'^ is most definitely incorrect for underfeed firing and sub¬ 
ject to important limitations for overfeed (such as hand-firing) firing. Nicholls* and 
others have shown that the mechanism of the relation between air supplied and rate 
of combustion is quite complex and subject to very definite restraining limits. 

1 “Hauck Industrial Combustion Data/’ p. 6, Hauck Mfg. Co., Brooklyn, New York, 1944. 

* Nichollb, P., “Underfeed Combustion, Effect of Preheat, and Distribution of Ash in Fuel Beds.” 
U.S. Bur. Mines Bull. 378, 1934. 
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Table 11-6. Maximum CO 2 and Air Required for Combustion^ 


Combustion conditions at sero excess Sir 


Fuel 

No. of 
samples 

Atmospheric air re¬ 
quired (lb/10,000 Btu) 

Max CO 2 per cent 

Range 

Avg 

Range 

Avg 

Anthracite: 







1 


7.83 


19.6 


1 


7 85 


19.3 

Pennsylvania. 

3 

7 81-7,93 

6.87 

20 0^20 0 

20.0 

Semianthracite. 

3 

7 68-7.82 

7.74 

19 1-19 2 

19.1 

Bituminous coal: 






Low-volatile . 

5 

7 62-7 76 

7 69 

18 5-18 9 

18.7 

Medium-volatile 

1 


7 77 


18.5 

High-volatile A 

15 

7 51-7 73 

7 63 

17.7-18 7 

18.4 

High-volatile B. 

5 

7 56-7.73 

7 66 

18 0-18 7 

18.4 

High-volatile C 

4 

7 54-7 67 

7 60 

18 0-18 5 

18.2 

Subbituminous coal 

2 

7 56-7 57 

7.56 

19 1-19.? 

19.1 

Lignite: 






North Dakota .... 

1 


7 47 


19.5 

Texas. 

1 


7.52 


19.2 

Coke: 






High-temperature . 

1 


7 96 


20.7 

Low-ternperature ... 

1 


7 63 


19.3 


1 


8.05 


20 5 

By-product .... 

1 


8 01 


20 5 

Gasworks coke . 

3 

8.02 3 10 

8.06 

20 4-20 6 

20 6 

Petroleum coke.. 

1 


7 73 


19.6 

Pitch coke. 

1 


8 13 


20.7 

Wood:® 






Softwoods... . . 

8 

7 02-7 22 

7.11 

18 7-20 4 

19 8 

Hardwoods . . . 

10 

7 09-7 28 

7 15 

19 5-20 5 

20.0 

Bagasse. 

6 

6 25-6.99 

6 59 

19 4-20 5 

20.3 

Petroleum oils: 






Gasoline (60°API) .. 

1 


7 46 


14 9 

Kerosene (45°APi) 

1 


7 42 


15 1 

Gas oil (30°API) 

1 


7 45 


15.5 

Fuel oil (15®API).. 

1 


7 58 


15.9 

Gaseous fuels: 






Natural gas . . 

7 

7.32-7 41 

7 37 

6 9-15 2 

12 2 

Refinery and oil gas 

8 

6 52-7.38 

7 14 

10 7-13 6 

12 8 

Blast-furnace gas 

6 

5 73-6 27 

5 82 

20 0-26 9 

24 7 

Coke-oven gas. 

6 

6.66-7 02 

6 80 

9 5-12 7 

11.1 

Carbureted water gas 

1 




17.2fc 

Producer gas: 






Anthracite 

1 




19.4fc 

Bituminous coal 

1 




18 9» 

Coke . . . 

1 




20 5ft 

Retort coal gas 

1 




11 9ft 

Water gas, coke 

1 




20 1 ft 

Water gas, bituminous. 

1 




18.0ft 

Propane. 

1 


7 24 


13 7‘' 

Butane. 

1 


7 26 


14 Of 

Methane ... 

1 


7 20 


11 7® 


1 ‘‘Combustion EnRineering,” pp. 25-3 to 25-13, Combustion Engineering-Superheater Corp,, 1947 
(except as noted in footnotes h and c). 

« Calculated from higher heating value of kiln-dried wood at 8 per cent moisture, 
fc “Gaseous Fuels,” pp. 284-286, AGA, New York. 1948. 

« “ Handbook Butane-Propane (iases,” p. 32, Western Business Papers. 
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Underfeed Firing 


For underfeed firing, this is best illustrated by Fig. 11-5, which is a plot of the 
pfimary air supplied against combustible (moisture- and ash-free fuel) burned per 
hour. This particular curve, used for illustration of the principle, is for 1- by 13 ^^-in. 
high-temperature coke. (Curves for other fuels and fuel sizes follow. 

The two main plots are the rate of ignition (cbd) and the rate of burning of com¬ 
bustible (abd). Following the rate of ignition from low to high air supply (left to 


right on c5d), it will be seen that at c the 
rate of ignition greatly exceeds the rate of 
burning. Under these conditions, the thick¬ 
ness of the burning zone would increase 
continually until the entire fuel bed was 
involved. At b the rate of ignition and 
the rate of burning are equal, merging the 
curves, and placing the fire in equilibrium. 
By equilibrium is meant that, as the rate of 
ignition and rate of burning are now equal, 
the depth of the actual active fire zone will 
remain constant. Beyond 6 (b to d), the 
rates of ignition and Inirning are the same, 
but the rate of combustion, as indicated by 




0 100 200 300 400 500 600 700 


Primory air,/sq ft/hr, lb. 


Fig. 11-5. Relation between combustion and Fig. 11-6. Rate of ignition of various 
air supplied (l^*^- by 1-in. high-temperature fuels vs. primary air supplied (all at 1- 
coke). (U.S. Bureau of Mines, Bull, 378.) by lH“iu. size). (P. Nicholls, U.S. 

Bureau of Mines.) 


the left-hand scale, drops as the amount of primary air supplied exceeds, by more 
and more, the optimum rate at which the fire zone can absorb primary air. 

For anthracite (Fig. 11-5), this falling off of the rate of combustion as the air supply 
passes the point of equilibrium is very rapid, to indicate a very critical air-fuel rela¬ 
tionship. For bituminous coal (Fig. 11-6) the drop in combustion rate is relatively 
small, indicating less critical conditions. High-temperature coke drops at a rate 
midway between anthracite and coke (Fig. 11-6). 

Beyond point d in Fig. 11-5 and the end of the curve in all similar figures, the air 
supply so exceeds the rate at which the fuel bed can absorb it that the air literally 
blows the fire out to make ignition impossible. 
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The highly significant facts shown by these curves are that the rate of burning with 
each rate of air supply must follow curve abd, and that the maximum rate of burning 
with any air supply cannot exceed the peak of curve abd. No manipulation /other 
than changing the area of the plane of ignition can make the rate of burning contin¬ 
uously exceed the values fixed by the curve. For example, the maximum rate of 
burning possible with this coke and this particular size is about 26 lb of combustible 
(or 29 lb of coke) per sq ft per hr, and no manipulation can increase it. 

Effect of Fuel Size on Combustion-Air Ratio. Having shown the general interpre¬ 
tation of combustion-air ratio curves, Fig. 11-6 shows the rate-of-ignition and rate- 
of-burning curves for four different sizes of coke. 


Air deficiency, percent 
50 40 30 20 10 0 



Primary air, /sq ft/hr, lb 

Fig. 11-7. Relation between combustion and air supply for various sizes of high-temper- 
ature coke. 

It is of interest that the rate-of-burning curves, before their intersection with their 
individual ratc-of-ignition curves, all fall on a common curve {ah) which bends but 
slightly upward for smaller sizes. 

The figure shows that the rate of ignition increases rapidly with decrease in size, 
which agrees with common experience. The relationship, based on the points of 
intersection of the ignition and burning curves, is of the order shown by Fig. 11-7. 

It will be noted that the maximum rates of burning that can be attained are very 
much affected by the size of the pieces. With the 2- to 23^^-in. size, the maximum 
rate of burning possible under any underfeed conditions was 21 lb, whereas with the 
yi- to 1-in. size it was 48 lb. 

It should be noted that the curves for these figures are for the specific test conditions 
used by Nicholls. The cooling of the side walls, not done in these tests, would affect 
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the results. It is not probable that such cooling influences the rate of ignition mate¬ 
rially, but it does lower the average rate of burning because of poorer combustion at 

the sides. 

Secondary Air Requirements. Figure 
11-7 shows the conditions of air supply 
under all conditions of burning as a spe¬ 
cial scale in the upper right corner. This 
is useful in determining the amount of 
secondary air that must be supplied and 
mixed with the gases over the fuel bed. 
Thus it must be remembered that the 
air shown at the bottom of the charts is 
primary air only, and not the total air 
such as might be obtained from calcula¬ 
tions of theoretical air requirements. 
Comparison of Various Fuels. Figure 

11-6 shows composite curves for all fuels 
Fig. 11-8. Maximum combustion rate for ^ jg 

various sizes of coke and bituminous coal. . ^ . , 

(P. Nichdls.) fortunate that information on other sizes 

of anthracite, particularly the smaller 
sizes, is not available, as this would bo pertinent to underfeed burning. 

Maximum Rates of Combustion. Table 11-7 shows the maximum rate of burning 
combustible (moisture- and ash-free fuel) for the several fuels tested. As has been 
explained, no higher rates of combustion than these can be obtained with underfeed 



Mean screen size in inches 



burning with any air-supply or fuel-bed manipulation (Table 11-7 was (iornpiled from 
Fig. 11-6). Figure 11-8 shows the same data for Pittsburgh bituminous coal and 
high-temperature coke as plotted against fuel size. Parallel information was not 
obtained for the other fuels, so that it was not possible to plot them against particle 
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Overfeed Combustion 

Nicholls says that with overfeed combustion, such as in a hand-fired furnace, any 
size of fuel can be burned continuously at any rate by adjusting the air rate and the 
depth of the fuel bed. However, Johnson‘ found that, for each particle size of 
anthracite, there is a corresponding very definite time required for its complete com¬ 
bustion. This ranged from 13 min per individual piece of rice coal to 92 min for a 
single piece of pea size. These figures (see Fig. 11-9) represent optimum conditions 
of air supply, but the deviation from the mean with various atmospheres and air 
supplies was slight. For practical purposes. Fig. 11-9 thus shows the maximum rate 
at which anthracite can be burned under any practical conditions of firing or air 
supply. 

Summary of Maximum Burning Rates 

Based on the above data, actual conditions of maximum burning rates can be sum¬ 
marized as follows: 

With imderfeed firing, the burning zone is always above the incoming coal. Thus, 
ignition must continuously work downward against the flow of the incoming air. If 
the cooling effect of this air overcomes the heating effect of the rate of ignition, the 



Fig. 11-10. Maximum rates of ignition of anthracite (St. Nicholas rice size, 4-in.-deep 
fuel bed) with various ash contents (traveling grate). {E, P. Carman and W, T. Reid, 
Trans. ASME, August, 1945.) 

fire will necessarily be prevented from spreading to the incoming coal and ultimately 
will be extinguished. Hence, for each coal, there is a very definite optimum rate of 
underfed combustion which cannot be exceeded by increased air supply. 

With overfeed firing, each piece of coal has a definite time requirement for its com¬ 
plete combustion which is determined by its size and not by the air supply. However, 
the active fuel-bed zone is constantly creeping toward the incoming fresh coal so that, 
as the rate of air supply is increased, more pieces are burned simultaneously to give 
the effect of higher rates of combustion through greater changes in the active fire zone 
than are possible with underfeeding. 

In cross-firing anthracite, as on small domestic stokers, it is important to allow 
each piece of coal to remain in the active fire zone for the time required for its complete 
combustion. 

^Johnson, Allen J., Some Practical Considerations in Connection with Combustion, Trans. First 
Anthracite Conference of Lehigh University, p. 63, 1938. 
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Table 11-7. Maximum Rate of Combustible Burned at Any Air Rate and Primary 

Air at This Optimum Rate^ 


(All tests at 80®F primary air temperature) 


Fuel 

Size, in. 

Max com¬ 
bustible, 
Ib/sq ft/hr 

Corresponding 
primary air, 
Ib/sq ft/hr 

Pittsburgh bituminous. 

1 X iM 

43 

500-550 

Westmoreland bituminous. 

1 X IH 

39 

500-550 

Illinois bituminous .... 

1 X IH 

32 

400-450 

Splint bituminous . 

1 X IK 

51 

450-500 

Low-temperature coke . 

1 X IK 

+48 

+700 

High-temperature coke. 

1 X IK 

36 

250 

Petroleum coke. 

[ 1 X IK 

+77 

+650 

Anthracite, 8.3 per cent by volume 

' 1 X IK 

43 

350 

Anthracite, 3.5 per cent by volume 

1 X IK 

27.5 

250 

Illinois bituminous 

K X 1 

41 

450 

High-temperature coke 

H X 1 

48 

300 

High-temperature coke 

IK X 2 

26 

250 

High-temperature coke 

2 X 2K 

i 

21 

200 


1 From data by P. Nicholls, U,S. Bur. Mines Bull. 378. Applies to underfed combustion only. 



Average porticie size, inches,round hole screen 

Fig. 11 -11. Rate of ignition of coke and anthracite of different particle size. {E. P. 
Carman and W. T. Reid, Trans. ASME, August, 1945.) 

Optimum Burning Rates. The comparatively small difference in the amount of 
fixed carbon burned per unit of grate surface with all kinds of coal under equal operat¬ 
ing conditions is surprising. According to Cochrane, ^ it is best to burn from 12 to 
16 lb of fixed carbon per square foot of hand-fired grate surface and natural draft per 
hour. On this basis, the approximate rates of combustion for different fuels would be: 

1 Finding and Stopping Waste in Modern Boiler Rooms,” 4th ed., p. 144, Cochrane Corp., Phila¬ 
delphia. 1928. 
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Lh/Sq Ft/Hr 

Anthracite . 15 

Semianthracite . . 16 

Eastern bituminous coal .... 20 

Western bituminous coal. . . 30 



Fig. 11-12. Rate of travel of plane of ignition and rate of ignition in 4-in.-deep beds of 
St. Nicholas rice anthracite with varying ash content. {E. P. Carman and W. T. Reid, 
Trans. ASME, August, 1945.) 

Preheated Air for the Combustion of Solid Fuels^ 

Nicholls^ conducted extensive laboratory tests to determine the effect of preheat 
upon combustion in both overfeed and underfeed fuel beds. In many instances, the 
coverage is incomplete in that not so many sizes and kinds of coal were included as 
might have been desired for handbook reference. However, the work is painstaking, 
and it is unique in its field. Thus, the following conclusions are presented for the 
coverage afforded. 

Overfeed Firing. For overfeed fuel beds (such as hand-firing) it was concluded 
that preheat increased the rapidity of the actions at the lower part of the bed so that 
they occurred earlier. The oxygen disappeared at a shorter distance as the preheat 
increased, there being no oxygen at the 1 ^ 4 -in. height with 600 and 800°F air tem¬ 
peratures. The increase of the reactions caused by the preheat decreases with the 
height above the grate and tends to become constant. 

Preheat, therefore, in addition to adding a definite amount of heat, also acts as an 
accelerator in causing more rapid combustion and in burning a greater weight of fuel 
per pound of primary air. 

Figure 11-13 shows the effect of various degrees of preheat on the CO and CO 2 
(content of the gases as measured at different distances above the grate. This figure 
may be used with fair accuracy for the relative rate of burning that will result from 
maintaining fuel beds of various depths. 

1 Op. cit. 
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am _1_I_ ^ _ I _I_ 1 _1_ I _ ^ _I_I_ L-i I. 

0 1 2 3 4 5 6 7 8 9 10 n 12 13 14 15 16 17 


Height above grate,inches 

Fig. 11-13. Effect of preheat on gas analyses of overfeed fuel bed of high-temperature 
coke. (P. Nicholls, U.S. Bureau of Mines, Bull. 378, 1934.) 


Underfeed Burning. The air temperatures used to study the effect of preheat on 
underfeed burning were 80 (normal), 200, 300, and 400°F. 



Air temperoture,deg.F 


Fig. 11-14. Air temperature vs. rate of 
ignition—underfeed. (P. Nicholls, U.S. 
Bureau of Mines, Bull. 378, 1934.) 

burning with a given rate of air supply but, 
the secondary air. 

1 Op. cit. 


The rates of ignition increase rapidly 
with increase of air temperature. Figure 
11-14 shows the maximum values of com¬ 
bustible (moisture- and ash-free fuel) 
burned per square foot per hour plotted 
against air temperature. Ni(;holls' con¬ 
cluded that at some higher temperature, 
probably between 1100 and 1200°F, the 
coke would ignite instantaneously. 

Preheat will have little effect on opera¬ 
tion at rates of air supply below that at 
which the ignition curve meets the burn¬ 
ing curve (see Fig. 11-5), as it increases 
the rate of ignition but does not increase 
the rate of burning, which is the limiting 
factor. However, above this point, which 
is the point of fuel-bed equilibrium, pre¬ 
heat permits large increases in the rate of 
of course, with the necessity of increasing 
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Thus, with an air temperature of 80°F, the maximum rate of equilibrium burning 
was 35.5 lb with 265 lb of air; and, as pointed out in the section on Rate of Combustion 
vs. Air Supplied, no manipulation of the fuel bed, dther than increasing the area of 
the ignition surface, could increase this rate. With an air temperature of 400°F, 
the maximum rate of burning would be about 53.5 lb with 390 lb of air. 

THERMAL VALUE OF FUELS 

The thermal value^ of a fuel is the amount of heat generated as a result of its com¬ 
plete combustion. Results are usually expressed in British thermal units (Btu) per 
pound, calories per gram, or centigrade heat units (Chu). 

Definitions 

A British thermal unit (Btu) is the amount of heat required to raise the temperature of 
one pound of water one degree Fahrenheit. By this definition, the exact value of a Btu 
depends upon the initial temperature of the water. As no standard for this factor has been 
universally accepted, several values for the Btu are in more or less common use, each 
differing from the other by a very slight amount. One of the more common of these is the 
**mean Btu,** which is defined as Hso of the heat required to raise the temperature of one 
pound of water from 32 to 212°F at a constant atmospheric pressure of 14.696 psia. 

Webster’s International Dictionary defines the point of measurement as being at or 
near the point of maximum density of water, 39.1°F. 

For most accurate work, the ^Tnternational Table** (IT) Btu, developed during work on 
the International Steam Tables, is usually used. 

1 mean Btu corresponds to 1.0008 (IT) Btu 

The number of Btu per pound of coal or other solid fuel is commonly expressed as either 
Btu “dry** or Btu “as-received,** the latter indicating the Btu in the coal in its moist 
state. Similarly, phrases such as “as-sampled** or “as-fired** have the same meaning as 
“as-received.” 

If care has been taken to preserve the sample in an airtight container, between the time 
the sample was taken and the time that it is analyzed, the “as-received*’ basis more nearly 
represents the Btu value of the coal as it is used and as purchased. 

The “dry Btu** is a convenient term for comparison of values among coals of the same 
kind and size, in order to eliminate the influence of accidental variations in moisture due 
to shipment or storage conditions. 

A calorie (also gram-calorie) is defined as the quantity of heat required to raise the 
temperature of one gram of water one degree centigrade. As in the case of the Btu, its 
exact value depends on the temperature interval chosen. Among those in the most com¬ 
mon use are: 

The International Table (IT) calorie, usually used for the most accurate work, as defined 
in terms of international electrical units, is equal to of an international watt-hour or 

4.186 international watt-seconds or international joules. 

The “mean calorie,*’ one-hundredth of the heat required to raise the temperature of 
one gram of water from 0 to 100°C, is equivalent to 4.187 absolute joules. 

Table 11-8. Conversion of Thermal Units to Energy and Work Equivalents^ 


Btu 

Kcal* 

Ft-lb 

Hp-hr 

Kwhr 

1 

0.252 

778 2 

0 0003930 

0 0002930 

3 968 

1 

3,088.0 

0 001560 

0.001163 

0 001285 

0.0003238 

1 

0.00000050505 

0 0000003765 

2,544 

641.1 

1.98 X 10» 

1 

0 7455 

3,413 

860 0 

2.656 X 10« 

1.341 

1 


1 Marks, Lionkl. S., “Mechanical Engineers’ Handbook,” 4th ed., p. 79, McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 

“ 1 kcal “ 1,000 cal. 

1 Also known as calorific or heat value. 
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The 16® calorie (i — 15®C), expressed calis, is equivalent to 4.185 absolute joules (pro¬ 
visional) . 

The 20® calorie {t — 20®C), expressed caho, is equivalent to 4.180 absolute joules. 

The centigrade heat unit (Chu) is the amount of heat required to raise the temperature 
of one pound of water one degree centigrade. 

1 Chu = 1.8 Btu = 453.6 gram-calories 

when mean units are employed in each instance. 

Conversion of gram-calories to Btu. As a pound is equivalent to 453.59 grams and a 
degree centigrade is equivalent to 1.8®F, it follows that 

1 Btu == 261.996 calories 


Table 11-9. Conversion Factors for Energy, Work, and Heat 


Btu to foot-pounds. 778 2 

Btu to calories . . . 252 

Btu to horsepower-hours . 0 000393 

Btu to kilowatt-hours. 0 000293 


Foot-pounds to Btu. 0 001285 

Calories to Btu. 0 003968 

Horsepower-hours to Btu .. .. 2,544 
Kilowatt-hours to Btu.3,413 


Higher and Lower Heat Values 

The heat value of a fuel as defined is known as the “higher^’ heat value and is 
ordinarily accepted as the standard in this country. In the case of fuel containing 
hydrogen, and this includes practically all fuels in commercial use, there is another 
value known as the ^^lower,^' ^^net,^' or '^availableheat value, in the determination of 
which an attempt is made to allow for the latent heat recovered in the condensation 
of the water vapor formed in the combustion of hydrogen. P'or example, in the 
calorimetric determination of the heat value of a fuel containing hydrogen, the prod¬ 
ucts of combustion are cooled to approximately the temperature of the original mix¬ 
ture, say 62°F. In cooling the products to this temperature, the water vapor formed 
by the combustion of hydrogen is condensed, and the result, expressed in Btu, after 
being corrected for sulphur and like factors, i.e., the higher heat value, includes the 
latent heat of water vapor given up in such condensation. 

With the weight of water produced per pound of fuel, represented by w and r, as a 
factor which varies with the percentage of hydrogen in the fuel, the moisture in 
the air and the temperature to which the products of combustion are cooled in the 
calorimeter. 

Lower heat value — (higher heat value) — wr 

Too frequently r is simply taken as the latent heat of steam at either 32 or 212°F 
though in calorimetric work neither of these temperatures is apt to occur. 

With the lower heat value so defined, the difference between the higher and the 
lower or net value will obviously be the total heat of the steam or water vapor as it 
escapes less the sensible heat of an equivalent weight of water at the temperature of 
the fuel and of the oxygen before combustion takes place. 

The lower heat value is in common use in-Great Britain and in most foreign coun¬ 
tries. In this country, the higher value is almost universally accepted, and this is the 
standard recommended by the ASME. 

Any attempt to make use of the lower heat value introduces a source of possible 
error in the proper temperature for use in computation, and advocates of the use of 
this value are not in entire agreement as to the proper methods of sucji computations. 

To sum up, a theoretically perfect absorption of heat after combustion would con¬ 
dense all the moisture formed in the burning of hydrogen; and, since the efficiency of 
any apparatus is based upon the performance of a theoretically perfect machine, it 
appears only logical to charge against the apparatus what would be secured from the 
theoretically perfect. Further, in the report of the performance of any apparatus, a 
heat balance offers a method of determining and expressing any loss due to the burn- 
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ing of hydrogen, and no such test or performance report can be accepted as reliable 
unless accompanied by a heat balance or by data from which a heat balance may be 
computed. t 

Table 11-10. Typical Heat Values of Various Fuels 

(For use only in general comparisons where more specific heat values are not available) 



Btu/lb 

Btu/gal 

Btu/cu ft 

Solid Fuels" 




Anthracite .... 

13,000 



Semianthracite 

13,300 



Bituminous coal: 




High-volatile A 

14,500 



High-volatile B 

13,500 



High-volatile C 

12,000 



Medium-volatile 

14,200 



Low-volatile 

14,500 



SubbituminouB A 

12,000 



Subbituinmous B 

10.500 



Subbituminous C 

9,000 



Lignite . ... 

7,000 



Peat, air-dried 

7,500 



Peat, as-received 

2,000 



By-product coke 

12,900 



Wood . . . 

9,000'' 



Wood, pitch pine . 

11,000 



Liquid Fuels 




No. 1 (gravity 35-40) 


137,300 


No. 2 (gravity 26-35) 


141,500 


No. 3. 


f 


No. 4 (gravity 24-26) 


145,000 


No. 5 (gravity 18-22) 


146,.500 


No. 6 (gravity 14-16) 


148,000 


Gaseous Fuels 




Manufactured gas 



525 

Natural gas 



1,000 

Propane 

21,000 

91,500 

2.520 

Butane 

21,200 

102,600 

3,260 

Isobutane . . . 

21,300 

90,000 

3,270 

Producer gas: 




Anthracite (Oalusha) 



140 

Bituminous 



150 

Blast-furnace gas 



102 


" As-received basis unless otherwise noted. 

^ 21,000,000 per cord. 

Not included as a designation in code OS12-48, 


Computation of Heat of Combustion from Dulong’s Formula 

The only accurate and reliable heating value of a fuel is that determined experi¬ 
mentally with a calorimeter, and such determination should correctly be reported as 
a part of the ultimate or proximate chemical analysis of the fuel. 

Approximate heat values may be determined for certain fuels by computation from 
the ultimate chemical analysis of the fuel. The formula for such computation in 
most general use and which for most coals gives reasonably accurate results is that of 
Dulong. This formula, using approximate figures, is 

+ 4,0508 

the symbols representing the proportionate parts by weight of carbon, hydrogen, 
oxygen, and sulphur in the fuel, while the coefficients represent the approximate 
heating values of the constituents with which they appear in the formula. The term 


Btu/lb = 14,6000 + 62,000 
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[H — (0/8)] is assumed to contain a correction for the hydrogen in the fuel which is 
combined with oxygen and exists as moisture. 

Dulong’s formula will give, as stated, very close approximations for the heat value 
of most coals, probably within 2 or 3 per cent. There are, however, certain sources of 
possible error in the use of the formula even for the fuels with which it gives the most 
accurate results, and since these sources of error offer the explanation of why the 
formula is not applicable to all fuels, and particularly to gaseous fuels, their discus¬ 
sion seems warranted. 

1 . Carbon and sulphur are the only elements in coal in a free state, but a portion 
of these constituents may occur in elementary form. The carbon may be present as 
graphite or as amorphous carbon, the heating values of which are entirely different. 
The sulphur may exist as FeS 2 (pyrites). Further, the sulphur may be burned to 
SO2 or SO3, in the production of which the amount of heat evolved is widely different. 

2 . If portions of the carbon and hydrogen are combined as hydrocarbons, the heat¬ 
ing value of such combinations is far different from what it would be if the elements 
existed separately, since in such case the heat of combination or of dissociation would 
have to be considered. This factor makes questionable the heat value of a portion 
of the carbon and probably of all the hydrogen. 

3. The term [H — (0/8)], which is assumed to be correct for that portion of hydro¬ 
gen contained in the moisture, is not a proper assumption, sin(;e a portion of the oxygen 
unquestionably exists in a free state in all fuels. 

4. An additional portion of the oxygen is in all probability combined with nitrogen 
in certain organic nitrates and some may possibly exist in combination as carbonates 
in mineral matter foreign to the coal. 

All these factors tend toward error. While with most coals the error is small, it is 
unfortunately, with the generally accepted coefficients, one of excess. In the case of 
gaseous fuels, however, in view particularly of items 2 and 3 above, the chance of 
error is groat. The magnitude of error will depend in such cases upon the individual 
set of hydrocarbons present in the fuel. 

Numerous other formulas of an empirical nature for the determination of the heat 
value of fuels have been offered by various authorities. Most of these are based upon 
a series of chemical analyses; and, though they give reasonably accurate results in the 
case of individual classes of coal, they fail when an attempt is made to apply them not 
only to other classes of fuel, but even to other classes of coal. 

In the case of the usual gases, where the proportionate parts by weight may be 
readily determined, the heating value may be accurately computed from a table of 
the heat values of individual constituents, which values have been definitely fixed by 
numerous calorimetric experiments. 

EFFECT OF HYDROGEN CONTENT ON THE NET OR USEFUL 
HEAT OF FUELSi 

During the process of combustion, the hydrogen content of fuels combines with 
oxygen to form water vapor. As the latent heat of vaporization required for this 
combination is never utilized under commercial conditions, there is a resultant lower¬ 
ing of the total or higher heat value to a lesser or net amount that represents the heat 
in the fuel that is actually available for utilization. Despite the fact that th’s reduc¬ 
tion of heat value is appreciable, particularly with fuels high in hydrogen, it is com¬ 
monly neglected in preparing heat balances and comparisons. A principal reason for 
failure to deduct the hydrogen loss in making such computations is that the proximate 

* Fibldnsr, a. C., and W. A. Selvio, Use of Hydrogen-Volatile Matter Ratio in Obtaining the Net 
Heating Value of American Coals, U.S. Bur. Mines Tech. Paper 197, 1918. 
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Hydrogen,percent (moisture and ash free basis) 


Fig. 11-15. Hydrogen-volatile ratio for American coals. (Fiddner-Sdvig.) 

Notes: All values shown are on an ash- and moisture-free basis. Use Curve “A” for 
coals of 12,000 to 12,499 Btu (moisture- and ash-free). Use Curve “B” for coals of 12,500 
to 14,499 Btu (moisture- and ash-free). Use Curve “C” for coals of 14,500 and higher Btu 
(moisture- and ash-free). Use 4.3 per cent volatile for coals and lignite below 12,000 Btu. 


analysis, commonly used for such determinations, does not give any direct indication 
of hydrogen content that could be used as a basis for calculation. 

Obviously, when the hydrogen content is known, its content by per cent of total 
fuel can be, and should be, used to correct the total heat to a practical or net value in 
accord with the following formula: 


Net heat of combustion = total heat of combustion 


H X 9 X 1,040 
100 


where total heat of combustion is the direct result as obtained in a bomb calorimeter 
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with the water vapor condensed to room temperature, net heat of combustion includes 
a correction for the water in the products of combustion passing off as a vapor at 68 ®F, 
and hydrogen is expressed in terms of per cent of fuel. 

Correcting for Hydrogen from Proximate Analysis. Recognizing the need for 
even approximate correction for hydrogen content from the proximate analysis alone, 
Fieldner and Selvig plotted curves to show the relation between hydrogen and vola¬ 
tile matter in coal. While admittedly _ 

rough, as 1 per cent hydrogen corresponds 
to a correction of only 94 Btu, these curves Scale A 

are sufficiently accurate for most practi¬ 
cal purposes and are far superior to the q 05 

common practice of neglecting the hydro- ^ gg 

gen correction altogether. 





6 7 8 9 10 II 12 13 14 15 16 17 a 

Carbon dioxide,(COg)*percent ' 106-»-2 _ 

Fig. 11-16. Relation between carbon di- Fig. 11-17. Charts for converting API 

oxide (CO 2 ) and excess air for oils of various gravity to specific gravity to hydrogen 

hydrogen content. A = working range of content. {Instruction Book, Oil Burning 

excess air. B == working range of CO 2 for Equipment, Todd Combustion Equipment, 

average fuel oil. {Instruction Book, OH Inc.) 

Burning Equipment, Todd Combustion 
Equipment, Inc.) 

Aided by these curves, shown as Fig. 11-15, the approximate percentage of hydrogen 
in any coal or lignite may be estimated from the proximate analysis and calorific 
determination in the following manner: 

1. Compute the moisture- and ash-free Btu and volatile matter by the following 
formulas: 

100 


Moisture- and ash-free Btu = Btu X 


1(X) — (per cent H 2 O + per cent ash) 


Moisture- and ash-free volatile «per cent volatile X 


100 — (per cent H 2 O -f per cent ash) 










FLAME 


2. Refer to the appropriate curve in Fig. 11-15 for the Btu obtained, and read the 

percentage of hydrogen corresponding to the given moisture- and ash-free volatile 
matter. ‘ i 

3. Compute the moisture- and ash-free hydrogen so obtained to the condition in 
which the remainder of the analysis is stated by the following formula: 

(Per cent moisture- and ash-free hydrogen) X 

100 

= per cent hydrogen in coal as received 

Probable Error. By the use of these curves, which were constructed from 2,000 
analyses, the hydrogen content of bituminous coal, subbituminous coal, and anthracite 
may be estimated from the volatile matter to within 0.6 per cent; for subbituminous 
coal and lignite 0.8 per cent; and if the coals are weathered the error may approach 
1 per cent. The corresponding errors in reducing total to net heat value are: bitumi¬ 
nous and anthracite 56 Btu; subbituminous and lignite 75 Btu; and weathered coal 
94 Btu. 

Determination of Hydrogen in Oils 

Carbon Dioxide-Excess Air Relationship. The carbon dioxide-excess air curve 
varies for oils of different hydrogen content as is shown in Fig. 11-16.^ 

Hydrogen Content vs. Gravity. In the event that the hydrogen content of an oil 
is not known, its approximate value may be obtained from scale A and then B of Fig. 
11-17. The gravity in degrees API is converted to specific gravity (unless the latter 
is available direct), such as by Fig. 11-17A. Figure 11-17B is then used to ascertain 
the corresponding hydrogen content. This figure is also useful in determining the 
hydrogen-loss component of heat balances, as described in Chap. 12. 

FLAME 

The appearance of combustion, i.c., the '^look*^ of the mass of fuel and of the prod¬ 
ucts of combustion, offers to the experienced eye a measure of the temperatures 
developed. Such methods of necessity offer only the roughest approximations but, 
in connection with the flame length, are of some value where apparatus for more 
accurate determination of the extent and degree of combustion is not available. 

The physical evidence by which the 
temperature and the degree and the ex¬ 
tent of combustion in a boiler furnace 
may be judged is the appearance of the 
flame, the fuel itself being visible but 
rarely. Flame may be defined as a mass 
of intensely heated gas in a state of com¬ 
bustion, though it is possible for flame 
to exist as gas not actually in such state. 

The luminosity of flame, or the charac¬ 
teristic which gives its visibility, is due 
to the heating to incandescence of the 
unconsumed particles of combustible matter present in the gases, and the variation in 
the colors of flame is due to the difference in the degree of heat communicated to these 
particles. The higher the temperature of these particles the whiter the flame. The 
length and volume of the flame will vary with the combustible elements present and 
the thoroughness with which the air and combustible elements are mingled; and the 
shorter the flame, in the absence of any outside cooling medium, the more rapid and 
complete the combustion. 

1 “Oil Burning Equipment/’ p. 15, Todd Combustion Equipment, Inc., New York. 


Table 11-12. Temperature and Appear¬ 
ance of Flame 


Appearance of Approx Tempt 

Flame Deg F 

Dark red. 975 

Dull red. 1290 

Dull cherry red 1470 

Full cherry red.. 1660 

Clear cherry red. 1830 

Deep orange. 2010 

White. 2370 

Bright white . . . 2550 

Dazzling white . 2730 













370 THE COMBUSTION OF FUELS 

If it were possible for the combustion of any fuel to be complete and instantaneous 
there would be no visible flame, since both carbon dioxide and water vapor are invis¬ 
ible. Visible flame, then, is evidence of incomplete or noncombustion, but such 
evidence in the boiler furnace means simply that the combustion has not taken place 
with sufficient rapidity to evolve heat instantaneously. 

It follows from the above that, for a given amount of fuel burned, a short flame will 
ordinarily mean rapid and complete combustion, a longer flame delayed combustion, 
and a very long flame imperfect or noncombustion. 


Table 11-13. Air-Gas Flame Temperatures for Various Manufactured and Natural 

Gases 


Gas 

Net 
Btu/ 
cu ft 

Flame temp, 
deg F, no 
excess air 

Natural gas. 

904 

3565 

Natural gas. 

1,021 

3562 

Carbureted water gas. . 

493 

3700 

Coke-oven plus carbureted water gas. 

495 

3630 

Coal gas (horiaontal retorts).. . 

486 

3600 

Oil gas. . 

496 

3630 

Producer gas (coke). 

128 

3010 

Commercial butane. 

2,977 

3640 

Commercial propane. 

2,371 

_1 

3660 


Table 11-14. Maximum Flame Temperature of Hydrocarbon Gases Mixed with Air^ 


Gas 

Temp, 
deg F 

Flame speed 
in 1-in. 
tube, fps 

Methane .. .... 

3416 

2 2 

Ethane. . . 

3442 

2 8 

Propane . 

3497 

2 7 

Butane . .. 

3447 

2 7 

Isobutane . . 

3442 

2 7 

Ethylene 

3585 

5 4 

Propylene 

3510 

3 3 

Butylene. 

3501 

3.2 


Gaseous Fuels,” p. 77, AGA, 1948. 

EXPLOSIVE LIMITS OF VARIOUS GASES AND VAPORS^ 

The risk of explosions is frequently present when gases or volatile materials are 
used in industrial processes. If the temperature of an inflammable volatile liquid is 
increased gradually, the air above the liquid becomes progressively richer in inflam¬ 
mable vapor. At a certain concentration, the air-vapor mixture can just be ignited 
with a flaxTie or a spark of sufficient thermal intensity and propagate a flame. This 
concentration in air in per cent by volume is called the *4ower explosive limit,” or LEL. 
As the concentration increases, it becomes easier to ignite the mixture, and the com¬ 
bustion becomes progressively more violent until a maximum is reached. A further 
increase in concentration will result in a gradual decrease in the violence of explosion 
until a point is reached where the mixture will no longer propagate a flame but will 
bum at the point of ignition. This point is called the “upper explosive limit,” 
or UEL. 

* Amstus, John O., Solvent Vapor Control, MecK Eng., February, 1949, p. 143. 
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Table 11-16. Mean Ignition Temperatures of Various Gases, Liquids, and Solids^ 



Temp of 
ignition, 
deg F 

Fla^ 
point, 
deg F 

- 

Temp of 
ignition, 
deg F 

i'lash 
point, 
deg F 

Gases: 



Liquids: 



Acetylene, C 2 H 2 . 

581 


Gasoline, regular. 

536 

-47 

Ammonia, NHa. 

1204 


Gasoline, 73>octane. 

570 


Carbon monoxide, CO. . 

1202-1211 


Gasoline, 92-octane .. 

734 


Carbon monoxide, CO“ . 

1292 


Gasoline, l(X)-octane. 

804 


Butane, C 4 H 10 . 

826 


Kerosene . 

491 

100 

Isobutane, C 4 II 10 

1010 


Methyl alcohol, CH 4 O. . 

878 

52 

Hthane, C 2 Hb 

882-1000 


Naphtha ... 

450-531 

-20 

Ethylene, C 2 H 4 . 

1022 


Gas oil . 

640 

150 

Hydrogen, H 2 . 

1065 


Lubricating oil. 

711 

535 

Hydrogen sulphide, H 2 S . . . 

558-687 


Pentane, C 6 II 12 . 

527 

-40 

Methane (marsh gas), 0114 

1200 


Turpentine. 

464 

95 

Propane, CsHs .. . 

898-986 


Solids: 



Butylene, C 4 HK 

829 


Anthracite. 

925 


Hydrocyanic acid, HCN 

1000 


Anthracite, dust . 

570 


Coal gas. 

1105-1612 


Bituminous coal 

766 


Liquids: 



Bituminous coal, slack . 

500 


Ethyl alcohol, C 2 H 0 O 

738-964 

54 

Cannel coal. 

668 


Ethylene glycol, C 2 H 6 O 2 

775 

232 

Subbituminous coal. 

870 


Ethyl ether, C 4 H 10 O 

379 

-49 

Lignite, slack 

435 


Benzene, Cells 

1078 

12 

Charcoal, prepared at 500°F 

650 



1 Various sourocs. Subject to considerable variation according to investigator and conditions of 
test. A guide only. 

“ Mixed with considerable CO 2 . 


Table 11-16. Explosion Limits of Various Gases and Vapors 


Substance 

Max allowable 
concentration, 
ppm* 

Lower 

explosion 

limit*' 

Upper 

explosion 

limits 

Acetic acid.... . . 

10 

4.0 


Acetone . 

500 

2 15 

13.0 

Amyl acetate . 

200 

1.1 


Benzine (benzol) ... 

50 

1 4 

8 0 

Butadiene. 

1,000 

2 0 

11.5 

Butanol (butyl alcohol). 

50 

1 6 

8 5 

Butyl acetate 

200 

1 7 

15.0 

Carbon disulphide. 

20 

1 0 

50. 

Carbon monoxide 

100 

12.5 

74 2 

Carbon tetrachloride 

50 



Ethyl acetate. 

400 

2 18 

11.5 

Ethyl alcohol. 

1,000 

3 28 

19 0 

Gasoline. 

500 

1 3 

6 0 

Hydrogen sulphide 

20 

4 3 

45 5 

Methyl acetate 

200 

4 1 

13 9 

Methyl alcohol (methanol)... 


6 0 

36.5 

Naphtha. 

500 

1.2 

6.0 

Ozone . 

1 



Pentane. 

1,000 

1 4 

8 0 

Toluene. 

200 

1 27 

7.0 

Turpentine 

100 

0 8 



® ppm »= parts per million by volume, as adopted by the American Conference of Governmental 
Industrial Hygienists, in 1947. 

^ Upper and lower explosion limits are expressed in per cent by volume in air. 





























10 20 30 40 50 60 70 80 90 
Percentage of combustible gas in mixture 

Fig. 11-18. Flammability limits of gases. Handbook of Butane^Propane Gases 1946.) 


Fig. 11-19. 



Primary air (percent of theoretical amount required for 
complete combustion) 

Typical ignition velocity curves for various gases. {AGA Testing Laboratory.) 
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To prevent explosions, it is necessary to keep the air-vapor mixture below the LEL 
at all points. A widely accepted practice is to keep the mixture so well blended with 
air that the calculated concentration never reaches more than 40 per cent of the LEL. 

The machine operator or occupants of a vapor-filled room are exposed to heklth 
hazards unless vapors arc kept below a maximum allowable concentration, such as 
those shown in Table 11-16. It is important to consider not only the concentration 
but also the time of exposure; thus the ^Hoxicity ventilation rate” assumes an 8-hr 
exposure. Many solvents are irritating and narcotic, thus requiring ventilation. 

FUEL-BED DEPTHSi 

For underfeed firing, at all points above that at which the rate of burning equals 
the rate of ignition, the fuel bed is said to be in equilibrium in that, for any given rate 
of primary-air supply, a definite and constant active fire-zone thickness will be 
maintained. 

The exact thickness of this active fire depends upon (1) type of fuel, (2) size of fuel, 
(3) pounds of primary air per square foot, and (4) temperature of primary air. Items 



Air temperature (preheat), deg. F 


Fig. 11-20. Effect of various factors on equilibrium fuel-bed depths (underfeed firing). 

Curve aa: Size of fuel vs. fuel-bed depth. High-temperature coke at maximum burning 
rate (optimum air supply). Curve hh: Primary air supplied vs. fuel-bed depth. 1- by 
Ij^-in. high-temperature coke. Curve cc: Primary air supplied vs. fuel-bed depth. 1- by 
lj4“in. anthracite, 3.5 per cent volatile. Curve dd: Preheated air vs. fuel-bed depth. 
High-temperature coke at maximum burning rate (1- by l3^-in. size.) 


1 and 2 are matters of major change rather than fuel-bed manipulation. Item 3, 
amount of primary air, can be moved from very narrow limits only at the expense of a 
material reduction in the rate of combustion, as has been shown in the section on 
Rate of Combustion vs. Air Supplied. Changes in item 4, preheat, involve plant 
design. Thus, by elimination, it can be said that the depth of the active fire zone in 
underfeed firing is normally beyond the scope of local control. 

Figure 11-20 shows the general effect of fuel size, air supply, and preheat on actual 
equilibrium fuel-bed thicknesses observed by Nicholls. 


Nxchollb, P., loc. cit. 
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Effect of Wetting Coal on Resistance of Fuel Beds*^ It has been established that 
the wetting of slacks decreases their resistance to the flow of air. This effect is attrib¬ 
uted to adhesion of some of the small pieces to the wet surfaces of larger pieces, with 
the result that fewer small pieces are available to fill the voids between the larger 
pieces. The net effect is thus one equivalent to removal of part of the fines. 



Fig. 11-21. Effect of wetting coal on fuel-bed resistaiKJe (Pittsburgh bituminous coal). 
(f/.jS. Bureau of Mines, Bull. 404.) 

As a practical result, immediately after firing the air will have a more uniform 
distribution over the area of the bed. This better distribution may be expected to 
give a more uniform fuel bed and may reduce the tendency to cake. 

Figure 11-21 shows fuel-bed resistances for two sizes of Pittsburgh coal with per¬ 
centages of water from 0 to 8. The maximum amount of water which (?an be added 
effectively is limited to the amount that the particular coal will hold without dripping 
and varies greatly for different coals. 

CLINKER FORMATION AND CONTROL* 

(See also Ash-softening Temperatures and Ash Composition) 

Webster defines clinker as ^^stony matter vitrified or fused together, as that formed 
in a furnace from impurities in the coal.^^ The origin of the name is from the Dutch 
^‘klinker,” a brick so hard that it makes a sonorous sound upon being struck. 

The coal, by virtue of its mineral matter, supplies the raw material from which 
clinker is formed. The process of formation is, however, dependent upon factors 
largely independent of the mineral matter in the coal. The process is one of physical 
and chemical reaction in a complex system of silicates and, like all chemical reactions, 
is aided and abetted by heat and agitation. Time is also a factor. 

As the combustion of coal progresses, the combustible matter burns away, leaving 
the ash more or less in place, but accompanied by a certain amount of shrinkage. 
The infusible components remain as flaky or fluffy ash; the fusible components sinter 
or melt into globules, depending on the temperature-composition relations. This 
material finally works its way down to the grates, during which process the different 

1 U.S. Bur. Mines Bull. 404, p. 148, 1937. 

• Qauour, a. W., in Symposiunl on Significance of Tests of Coal, ASTM, Proc., vol. 37, Part II, 
1937. ScHANTZ, C. G., “The Clinkering of Anthracite Coal Ashes,” Fifth Annual Anthracite Confer¬ 
ence of Lehigh University, May 8, 1947. 
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mineral components of the ash have an opportunity to come into a more intimate 
contact. If any component fuses completely, it will flow depending on its viscosity 
and may trap other ash components as well as unburned combustible mat^al. 
Keactions may take place, resulting in more fluid systems, such as eutectics. Agita¬ 
tion in the fuel bed aids in the movement of the individual ash particles, making 
coalescence of fused masses and reaction more easily accomplished. 

The important factors at this stage are temperature and properties of the slag. 
If the individual globules of the slag arc fluid so that they reach the grate surface 
rapidly, and if the temperature on the grates is low enough so that they solidify 
rapidly, then a loose aggregate of clinker will be formed, which will generally be 
handled by the furnace mechanism without difficulty (this also presupposes that the 
slag has a large temperature coefficient of viscosity). If, on the other hand, the 
temperatures on the grates are high relative to the solidification temperature of the 
slag globules, the slag will continue to flow, one globule wetting another, and so on, 
until a large dense clinker is formed. This will disturb air flow and can be removed 
only with difficulty. 

While the fusibility of ash gives an indication of possible clinker and slag trouble, 
and while it is the best single indicator known, it is generally agreed that it should be 
considered as indicative only, subject to such other factors as: 

_1. Properties of coal, including rank, percentage of ash and moisture, ash-soften- 
ing temperature, composition of ash, caking and coking properties of coal, and size 
consist of coal. 

2, Types, construction, and operation of fuel-burning equipment, including its 
physical condition. 

3. Fidng practice, including rate of burning, cleaning of fires, control and distribu¬ 
tion of air, preheat, etc. 

General Methods of Reducing Clinker. The fusion of coal ash in a fuel bed can be 
decreased (1) by shifting to a higher level the range of temperature at which fusion of 
the ash occurs, (2) by lowering the tem¬ 
perature of the fuel bed, or (3) by short¬ 
ening the time the ash is subjected to 
temperat\ires at which it fuses. 

In addition to these actions, troubles u. 
resulting from clinkering will be less as ? 
the burning over the area of the fuel bed ^ 
is more uniform and the bed free from 2 
holes. A reduction in caking of coal will i 

give a more uniform bed. E 

Furnace Atmosphere and Ash .c 

Characteristics^ ^ 

Research has showed that there is con¬ 
siderable difference in the fusion char¬ 
acteristics of coal ash depending upon 
whether the coal is burned in a reducing 
(deficiency of air) or an oxidizing (excess phere 
of air) atmosphere. The ash initial- cock 
deformation temperature in an oxidizing 
atmosphere may be considerably higher than that in a reducing atmosphere, with the 
difference becoming greater with increased iron content of the ash. Experience and 

1 Row AND, W. H., Recent Boiler Design, presented at West Virginia Section ASM£, 1947, BiM, 
3-407, The Babcock & Wilcox Co., New York, 1947. 



Total iron in coal ash (as Fe), percent 

11-22. Influence of iron and atmoe- 
on ash-softening temperature. {Bob- 
fc Wilcox Co,) 
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tests indicate that, when the average true gas temperature leaving the furnace exceeds 
the oxidizing initial-deformation temperature, cleaning of the ash from the convection 
surfaces becomes excessive. 

Figure 11-22 shows the effect of atmosphere and iron content on the softening 
point of the ash, showing the temperature difference between the oxidizing and reduc¬ 
ing atmospheres for varying content of iron in the ash. 

Clinker Control on Underfeed Stokers. Unquestionably many factors are of 
importance in the formation of troublesome clinkers in underfeed stokers. The 
necessity of having to build up a fire quickly from a banked condition will often cause 
a black vitreous clinker. The amount of ash is also important. Frequently with a 
high-ash coal of low ash-softening temperature, no clinker trouble is experienced even 
at high rates of combustion (50 Ib/sq ft/hr), whereas with coal having an ash content 
of 6.7 per cent it was impossible to reach that rate. The reason for this may be the 
insulating effect of the large volume of ash formed in burning the high-ash coal. This 
is, of course, not always true but illustrates that clinker is the result of a complex 
combination of causes which may cither complement or cancel each other. 

J. F. Barkley suggests that it might be found that satisfactory conditions from a 
clinkering standpoint could be had with coals of a lower ash-softening temperature if: 

1. Segregation of sizes could be prevented 

2. A different size of coal were used 

3. Coal of a different mine or seam were used 

4. Coal with a lower ash content were used 

5. Various adjustments in the stoker were made 

6 . Better stoker operators were provided 

7. Lower CO 2 were carried 

8 . More boilers were put on the line 

9. Certain minor or major changes were made in the equipment 

Gauger states that, by certain modifications in design providing for cooling along 
the side walls, at the tuyeres, and on the extension grates, a lowering of the tempera¬ 
ture of the caking coal amounting to as much as 1000°F is ac(;omplished. The effect 
of this on clinkering would be obvious. 

A. W. Thorson reminds us that preheated air raises the fuel-bed temperature, thus 
moving the band of probable clinker up in proportion to the amount of preheat. He 
also calls attention to the important fact that small zones or areas in the fuel bed at 
high rates of combustion or high temperatures will cause clinker even though the 
average of the fuel bed is quite satisfactorily below the clinkering point. Uniformity 
of fuel bed is thus of considerable importance, as is uniformity of coal feed, of coal 
distribution, and of air flow. All tend to increase the rate of permissible heat release 
without clinker for a given coal. 

Pulverized Coal. See section on Ash-softening Temperatures and Ash Composi¬ 
tion. 

Water-gas Generators. In addition to the considerations cited under Ash-soften¬ 
ing Temperatures, clinker troubles are at a minimum on gas generators when the 
fusion point of the ash is between 2300 and 2500°F. As the ash-fusion temperature 
is lower or higher than these limits, trouble is apt to develop on the walls or grates of 
the generator. 

Clinkering with Anthracite. The Technical Advisory Board of the Anthracite 
Industry listed the following as being most conducive to the formation of clinker with 
anthracite:^ 

1 “ Report of the Committee on Clinkering,” Technical Advisory Board of the Anthracite Industry, 
Charles G. Schantz, chairman, 8ept. 26, 194i. 
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1 . Firing methods, equipment selection, or other factors as determined by the consumer 

a. Improper firing methods 

b. Insufficient air (inadequate draft) or unequal air distribution 

c. Excessively high burning rates (excessive draft) 

d. Disturbance or agitation of the fuel bed 

e. Sudden or rapid changes in the fuel bed 

/. Presence of material foreign to the coal product (or coal as shipped) 

g. Excessively thin fuel beds 

h. Air-bound cellars 

2. Equipment design 

a. Improper air distribution 

h. Improper coal distribution (domestic stokers) 

c. Degradation and segregation of coal (domestic stokers) 

3. Coal preparation 

a. Presence of fines (material at least two sizes smaller than the size in question) 

b. Characteristics of the individual constituents of the coal product, and their effect 
on each other 

In discussing these causes, the Clinker Committee stated that the most common 
cause for clinker in domestic and small commercial installations was improper firing. 
They pointed to the necessity for a balance between heat generation and heat distri¬ 
bution through proper air for combustion at all times. Sudden stoppages of air with 
hot fires, such as even the quick complete closing of dampers by a thermostatically 
operated damper have been known to cause considerable clinker difficulty. High 
burning rates, air-bound cellars or boiler rooms, and the burning of foreign material 
such as garbage were also listed high as causes for clinker. 
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Table 11-17. Industrial Temperature Data^ 


Heating Process 

Temp, Deg F 

Melting refined steel. 

2800 

Porcelain burning.. 

2600 

Melting heat-resisting glass . . 

2600 

Burning firebrick . 

2560 

Welding steel tubes. 

2500 

Copper refining. 

2450 

Forging mild steel . . . 

2400 

Melting copper and bronze. 

2300 

Melting lead glass 

2300 

Billet and rivet heating. 

2250 

Brass melting .... .... 

2200 

High-speed steel hardening . 

2100 

Brazing. 

1900 

Vitrification of sewer pipe. 

1850 

Blue enameling sheets. 

1800 

Stainless steel .. . .^. 

... 1800 

Vitreous enameling. 

1700 

Carburizing 

1650 

1 Johns-Manville, “Data Sheet,” 

In-3008. 


Heating Process Temp, Deg F 

Lead hardening 1650 

Annealing ateel castings.1650 

Annealing springs. 1600 

Annealing dies .*. . . .. 1500 

Porcelain enanielmg . 1500 

Hardening carbon steel .1500 

Annealing malleable castings . 1450 

Annealing rolled steel . .... 1450 

Annealing nickel 1400 

Annealing high-carbon steel. 1400 

Annealing band steel. 1300 

Annealing wire .1300 

Aluminum melting. 1200 

Glass annealing . 1200 

Tempering high-speed steel. 1100 

Annealing nickel silverware. 1100 

Annealing glass lenses . 1000 

Reducing iron ore. 1000 


Table 11-18. Typical Exit-gas Temperatures from Various Furnaces 


Furnace Deg F 

Cement kilns, dry process. 1200-1500 

Cement kilns, wet process. 800-1200 

Copper refining . 1500-2000 

Beehive coke ovens. 2000-2300 

Heating and puddling furnaces. 1700-2000 

Open-hearth furnaces. 850-1100 


Furnace Deg F 

Gas retorts, nonregenerative. 1300-1500 

Oil stills 900-1000 

Glassmaking. 800-1000 

Nickel refining. 2500-3000 

Zinc refining . 1750-2000 
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Deg F 



Fig. 11-23. Basic guide to ferrous metallurgy. {TempU Corp., New York, reprochwed by 
special permission.) 
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Legend to Numbers in Fig. 11-S3 

1. Critical Range. In this range steels undergo internal atomic changes which radically 

affect the properties of the material. * 

2. Lower Critical Temperature (Ai). Termed Aci on heating, Ari on cooling. Below 
Aci structure ordinarily consists of ferrite and pearlite (see 14 and 17 below). On heating 
through Aci, the solid ferrite and the solid pearlite begin to dissolve in each other to form 
austenite (see 15 below), which is nonmagnetic. This dissolving action continues on heat¬ 
ing through the critical range until the solid solution is complete at the upper critical 
temperature. 

3. Upper Critical Temperature (As). Termed Aca on heating, Ara on cooling. Above 
this temperature the structure consists of austenite, which coarsens with increasing time 
and temperature. Upper critical temperature is lowered as carbon increases to 0.85 per 
(!ent (eutectoid point). 

4. Annealing consists of heating steels to slightly above Acs, holding for austenite to 
form, then slowly cooling in order to produce small grain size, softness, good ductility, and 
other properties. On cooling slowly, the austenite transforms to ferrite and pearlite. 

6. Normalizing is similar to annealing except that cooling is done in still air. On cool¬ 
ing, austenite transforms giving somewhat higher strength and hardness and slightly less 
ductility than in annealing. 

6. Forging range extends to several hundred degrees above the upper critical temper¬ 
ature. 

7. Burning range is above the forging range. Burned steel cannot be cured except by 
remelting. 

8. Stress relieving consists of heating to a range definitely below the lower critical 
temperature, holding for 1 hr or more per inch of thickness, then slowly cooling. Purpose 
is to allow the steel to relieve itself of locked-up stresses. 

9. Blue brittle range occurs approximately at 300 to 700®F, in which range steels are 
more brittle than above or below this range. Peening or working of steel should not be 
done in this range. 

10. Preheating for welding is carried out to prevent crack formation. See Tempil Pre¬ 
heating Chart for recommended temperatures for various steels and nonferrous metals. 

11. Carburizing consists of dissolving carbon into surface of steel by heating to above 
critical range in presence of carburizing compounds. 

12. Nitriding consists of heating certain special steels to about 1000®F for long periods in 
the presence of ammonia gas. Nitrogen is absorbed into the surface to produce extremely 
hard “skins.” 

13. Spheroidizing consists of heating to just below the critical range to put the cementite 
constituent of pearlite in globular form. This produces softness and in many cases good 
rnachinability. 

14. Ferrite is practically pure iron (in plain carbon steels) existing below the lower critical 
temperature. It is magnetic and has very slight solid solubility for carbon. 

15. Austenite is the nonmagnetic form of iron and has the power to dissolve carbon and 
alloying elements. 

16. Cementite, or iron carbide, is a chemical compound of iron and carbon, FesC. 

17. Pearlite is a mechanical mixture of ferrite and cementite. 

18. Eutectoid steel contains approximately 0.85% carbon. 

19. Martensite is an extremely hard constituent of steels, formed by the rapid trans¬ 
formation of austenite. 

20. Flaking occurs in many alloy steels and is a defect characterized by localized micro¬ 
cracking and “flakelike” fracturing. It is usually attributed to hydrogen bursts. Cure 
consists of cycle cooling to at least 600°F before air cooling. 

21. Open or rimming steel is not completely deoxidized and the ingot solidifies with 
blowholes. 

22. Killed steel has been deoxidized at least sufficiently to solidify without appreciable 
gas evolution. 

23. A Simple Rule: Brinell hardness divided by 2, times 1,000, equals approximate ten¬ 
sile strength in pounds per square inch. (200 Brinell -i- 2 X 1,000 » approx 100,000 
tensile strength, psi.) 
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Table 11-19. Temperattire Conversion Table 
__ 


Deg C 


Deg F 

DegC 


Deg F 

Deg C 


Deg F 

Deg C 


Deg F 

~17 8 

0 

32 0 

-3 89 

20 

77 0 


60 

122 0 

23 9 

76 

167.0 

-17 2 

1 

33 8 

-3 331 

26 

78 8 

10 6 

61 

123 8 

24 4 

76 

168 8 

-16 7 

2 

35 6 

-2 781 

27 

80 6 

11.1 

62 

125 6 

25 0 

77 

170 0 

-16 1 

3 

37.4 i 

-2 22 

28 

82.4 

11 7 

63 

127 4 

25 6 

78 

172.4 

-15 6 

4 


-1 67 

29 

84.2 

12.2 

64 

129.2 

26.1 

79 

174 2 

-16 0 

6 

41.0 

-1 11 

30 

86 0 

12 8 

66 

131 0 

26 7 

80 

176 0 

-14 4 

6 

42 8 

-0 56 

31 

87 8 

13 3 

66 

132 8 

27 2 

81 

177.8 

-13 9 

7 

44 6 

0 

32 

89 6 

13.9 

67 

134 6 

27 8 

82 

179.6 

-13 3 

8 

46 4 

0 56 

33 

91 4 

14 4 

68 

136 4 

28 3 

83 

181 4 

-12 8 

9 

48 2 

1.11 

34 

93 2 

15 0 

09 

138 2 

28 9 

84 

183.2 

-12 2 

10 


1 67 

36 

95 0 

15.6 


140 0 

29 4 

86 

185 0 

-11 7 

11 

51 8 

2 22 

36 

96 8 

16 1 

61 

141 8 

30 0 

86 

186 8 

-11 1 

12 

53 6 

2 78 

37 

98 6 

16 7 

62 

143 6 

30 6 

87 

188 6 

-10 6 

13 

55 4 

3 33 

38 

100 4 

17 2 

63 

145 4 

31 1 

88 

190 4 

-10 0 

14 

57.2 

3.89 

39 

102 2 

17 8 


147 2 

31 7 

89 

192 2 


16 


4 44 

40 

104 0 

18 3 

66 

149 0 

32.2 

90 

194 0 

- 8 89 

16 


5 00 

41 

105 8 

18 9 

66 

150 8 

32 8 

91 

195 8 

- 8 33 

17 

62 6 

5 56 

42 

107 6 

19 4 

67 

152 6 

33 3 

92 

197 6 

- 7 78 

18 

1 64 4 

6 11 

43 

! 109 4 

20 0 

68 

154 4 

33 9 

93 

199 4 

- 7.22 

19 

66.2 

6.67 

44 

111 2 

20 6 

69 

156 2 

34 4 

94 

201 2 

- 6 67 

20 

68 0 

7 22 

46 

113 0 

21 1 

70 

158 0 

35 0 

96 

203 0 

- 6 11 

21 

69 8 

7 78 

46 

114 8 

21 7 

71 

159 8 

35 6 

96 

204 8 

- 5 56 

22 

71 6 

8 33 

47 

116 6 

22 2 

72 

161 6 

36 1 

97 

206 6 


23 

73 4 

8 89 

48 

118 4 

22 8 

73 

163 4 

36 7 

98 

208 4 

- 4 44 

24 

75 2 

9 44 

49 

120 2 

23 3 

74 

165 2 

1 37 2 

37 8 

99 

100 

210 2 
212 0 


100 to 1000 


DegC 


Deg F 

DokC 


DegF 

Deg C 


Deg F 

DegC 


Deg F 

38 

100 

212 

160 

320 


288 

660 

1022 

410 

770 

1418 

43 

110 

230 

166 

330 

626 

293 

660 

1040 

416 

780 

1436 

49 

120 

248 

171 

340 

644 

299 

670 

1058 

421 

790 

1454 

54 

130 

266 

177 

360 

602 

304 

680 

1076 

427 

800 

1472 


140 

284 

182 

360 

680 

310 

690 

1094 

432 

810 

1490 

66 

160 

302 

188 

370 

698 

316 

600 

1112 

438 

820 

1508 

71 

160 

320 

193 

380 

716 

321 

610 

1130 

443 

830 

1526 

77 

170 

338 

199 

390 

734 

327 

620 

1148 

449 

840 

1544 

82 

180 

356 

204 

400 

752 

332 

680 

1166 

454 

860 

1562 

88 

190 

374 

210 

410 


338 

640 

1184 

460 

860 

1580 

93 

200 

392 

216 

420 

788 

343 

660 

1202 

466 

870 

1598 

99 

210 

410 

221 

430 

806 

349 

660 

1220 

471 

880 

1616 

100 

1 212 

413 6 

227 

440 

824 

354 

670 

1238 

477 

890 

1634 

104 

1 220 

428 


460 

842 

360 

680 

1256 

482 

900 

1652 

110 

1 280 

446 

238 

460 


366 

690 

1274 

488 

910 

1670 




243 

470 

878 

371 

700 

1292 

493 

920 

1688 

116 

240 

464 










121 

260 

482 

249 

480 

896 

377 

710 

1310 

499 

980 

1706 

127 

260 

500 

254 

490 

914 

382 

720 

1328 

504 

940 

1724 

132 

270 

518 

260 


932 

388 

780 

1346 

510 

960 

1742 

138 

280 

536 

266 

610 

mmm 

393 

740 

1364 

516 

960 

1760 

143 

1 290 

554 

271 

620 

968 

399 

760 

1382 

521 

970 

1778 

149 

800 

572 

277 

680 

986 

404 

760 

1400 

527 

980 

1796 

154 

810 


282 

640 

1004 




532 

990 

1814 










538 

1000 

1832 


Read known temperature in boldface type. Corresponding temperature in degrees Fahrenheit 
will be found in column to the right. Corresponding temperature in degrees centigrade will be found 
in column to the left. 
















































Table 11-19. Temperature Conversion Table. {Continued) 


lOOOtoSOOO 


Deg C 


Deg F 

Deg C 


Dog F 

Deg C 


Deg F 

Deg C 


Deg F 

538 

1000 

1832 

677 

1860 

2282 

816 

1000 

2732 

954 

1700 

3182 

543 

1010 

1850 

682 

1860 

2300 

821 

IblO 

2750 

9(>0 

1760 

3200 

649 

1020 

1868 

688 

1870 

2318 

827 

1020 

2768 

966 

1770 

3218 

554 

1030 

1886 

693 

1880 

2336 

832 

1030 

2786 

971 

1780 

3236 

660 

1040 

1904 

699 

1890 

2354 

838 

1040 

2804 

977 

1790 

3254 

666 

1000 

1922 

704 

1300 

2372 

843 

1000 

2822 

982 

1800 

3272 

571 

1060 

1940 

710 

1310 

2390 

849 

1060 

2840 

988 

1810 

3290 

577 

1070 

1958 

716 

1380 

2408 

854 

1670 

2858 

993 

1880 

3308 

582 

1080 

1976 

721 

1330 

2426 

860 

1080 

2876 

999 

1880 

3326 

588 

1090 

1994 

727 

1340 

2444 

866 

1090 

2894 

1004 

1840 

3344 

693 

1100 

2012 

732 

1350 

2462 

871 

1600 

2912 

1010 

1800 

3362 

599 

1110 

2030 

738 

1360 

2480 

877 

1610 

2930 

1016 

1860 

3380 

604 

1120 

2048 

743 

1370 

2498 

882 

1620 

2948 

1021 

1870 

3398 

610 

1130 

2066 

749 

1380 

2516 

888 

1630 

2966 

1027 

1880 

3416 

616 

1140 

2084 

754 

1390 

2534 

893 

1640 

2984 

1032 

1890 

3434 

621 

1100 

2102 


1400 

2552 

899 

1600 


1038 

1900 

3452 

627 

1160 

2120 

766 

1410 

2570 

904 

1660 


1043 

1910 

3470 

632 

1170 

2138 

771 

1420 

2588 

910 

1670 

3038 

1049 

1930 

3488 

638 

1180 

2156 

777 

1430 

2606 

916 

1680 

3056 

1054 

1980 

3506 

643 

1190 

2174 

782 

1440 

2624 

921 

1690 

3074 

1060 

1940 

3524 

649 

1200 

2192 

788 

1400 

2642 

927 

1700 

3092 

1066 

1900 

3542 

654 

1210 

2210 

793 

1460 

2660 

932 

1710 

3110 

1071 

1960 

3560 

660 

1220 

2228 

799 

1470 

2678 

938 

1720 

3128 

1077 

1970 

3578 

666 

1230 

2246 

804 

1480 

2696 

943 

1730 

3146 

1082 

1980 

3596 

671 

1240 

2264 

810 

1490 

2714 

949 

1740 

3164 

1088 

1093 

1990 

2000 

3614 

3632 


2000 to 3000 


Deg C 


Deg F 

Deg C 


Deg F 

Deg C 


Deg F 

DegC 


Deg F 

1093 

2000 

3632 

1232 

2200 

4082 

1371 

2000 

4532 

1510 

2700 

4982 

1099 

2010 

3650 

1238 

2260 

4100 

1377 

2010 

4550 

1516 

2760 

5000 

1104 

2020 

3668 

1243 

2270 

4118 

1382 

2020 

4568 

1521 

2770 

5018 

1110 

8030 

3686 

1249 

2280 

4136 

1388 

2030 

4586 

1527 

2780 

5036 

1116 

2040 

3704 

1254 

2290 

4154 

1393 

2040 

4604 

1532 

2790 

5054 

1121 

2000 

3722 

1260 

2300 

4172 

1399 

2000 

4622 

1538 

2800 

5072 

1127 

2060 

3740 

1266 

2310 

4190 

1404 

2060 

4640 

1543 

2810 

5090 

1132 

2070 

3758 

1271 

2320 

4208 

1410 

2070 

4658 

1549 

2820 

5108 

1138 

2080 

3776 

1277 

2330 

4226 

1416 

2080 

4676 

1554 

2830 

5126 

1143 

2090 

3794 

1282 

2340 

4244 

1421 

2090 

4694 

1560 

2840 

5144 

1149 

2100 

3812 

1288 

2360 

4262 

1427 

2600 

4712 

1566 

2800 

5162 

1154 

2110 

3830 

1293 

2360 

4280 

1432 

2610 

4730 

1571 

2860 

5180 

1160 

8120 

3848 

1299 

2370 

4298 

1438 

2620 

4748 

1577 

2870 

5198 

1166 

2130 

3866 

1304 

2380 

4316 

1443 

2630 

4766 

1582 

2880 

5216 

1171 

2140 

3884 

1310 

2390 

4334 

1449 

2640 

4784 

1588 

2890 

5234 

1177 

2100 

3902 

1316 

2400 

4352 

1454 

2600 

4802 

1593 

2900 

5252 

1182 

8160 

3920 

1321 

2410 

4370 

1460 

2660 

4820 

1599 

2910 

5270 

1188 

2170 

3938 

1327 

2420 

4388 

1466 

2670 

4838 

1604 

2920 

5288 

1193 

2180 

3956 

1332 

2430 

4406 

1471 

2680 

4856 

1610 

2930 

5306 

1199 

2190 

3974 

1338 

2440 

4424 

1477 

2690 

4874 

1616 

2940 

5324 

1204 

2200 

3992 

1343 

2400 

4442 

1482 

2700 

4892 

1621 

2900 

5342 

1210 

8210 

4010 

1349 

2460 

4460 

1488 

2710 

4910 

1627 

2960 

5360 

1216 

2220 

4028 

1354 

2470 

4478 

1493 

2720 

4928 

1632 

2970 

5378 

1221 

2230 

4046 

1360 

2480 

4496 

1499 

2780 

4946 

1638 

2980 

5396 

1227 

2240 

4064 

1366 

2490 

4514 

1504 

2740 

4964 

1643 

1649 

2990 

3000 

5414 

5432 


Conversion formula: 

Deg C 5^(deg F — 32) Deg F = deg 0 + 32 
Interpolation values for above tables: 


Deg C. 



3 

4 

5 

Deg F. 



5.4 

7.2 

9.0 

Deg F. 



3 

4 

5 

Deg C. 



1.67 

2.22 

2.78 
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Table 11-20. Volume and Weight of Air 


(At atmospheric pressure) 


Temp, 

degF 

Volume, 
cu ft/lb 

Weight, 
Ib/cu ft 

Temp, 
deg F 

Volume, 
cu ft/lb 

Weight, 
Ib/cu ft 

32 

12.390 

0 080710 

260 

18 135 

0 055142 

60 

12.843 

0 077863 

270 

18 387 

0 054386 

60 

13 095 

0.076365 

280 

18 639 

0 053651' 

70 

13 347 

0.074923 

290 

18 891 

0 052935 

80 

13.599 

0.073535 

300 

19 143 

0 052238 

90 

13.851 

0.072197 

320 

19 647 

0 050898 

100 

14 103 

0.070907 

340 

20 151 

0 049625 

110 

14 355 

0 069662 

360 

20 655 

0 048414 

120 

14.607 

0.068460 

380 

21 159 

0 047261 

130 

14.859 

0.067299 

400 

21 663 

0 046162 

140 

15.111 

0.066177 

425 

22 293 

0 044857 

150 

15.363 

0 065092 

450 

22 923 

0 043624 

160 

15 615 

0.064041 

475 

23 554 

0 042456 

170 

15.867 

0 063024 

500 

24 184 

0 041350 

180 

16 119 

0 062039 

525 

24 814 

0 040300 

190 

16.371 

0 061084 

550 

25.444 

0 039302 

200 

16.623 

0.060158 

575 

26 074 

0 038352 

210 

16.875 

0.059259 

600 

26 704 

0 037448 

212 

16.925 

0.059084 

650 

27 964 

0 035760 

220 

17.127 

0.058388 

700 

29 224 

0 034219 

230 

17 379 

0 057541 

750 

30 484 

0 032804 

240 

17 631 

0 056718 

800 

31.744 

0 031502 

250 

17 883 

0 055919 

850 

33.004 

0 030209 
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HEAT BALANCES 


A heat balance shows the distribution of the heating value of the fuel used as 
balanced against the ultimate disposition of this heat as divided into its several 
components. Obviously the two sides of such an equation must balance. 

For any fuel, such a balance can be expressed as in Table 12-1. 

Items Comprising a Boiler Heat Balance 

Output 

[ Useful Heat {Boiler Output) plus Losses] 

1. Heat absorbed by boiler and other apparatus, as output 

2. Dry flue-jcas loss 

3. Loss due to evaporation of water formed by hydrogen burned 

4. Tjoss due to evaporation of moisture in the fuel 

5. Loss due to moisture in the air 

6. Loss due to incomplete combustion (CO) 

7. Loss due to unconsurncd carbon in the refuse 

8. Loss due to radiation and unaccounted for 

In this chapter, three methods of computing such a heat balance are given. All are 
based on the same fundamentals as shown in Table 12-1, the only difference being the 
ascending degree of accuracy and the correspondingly ascending degree of detail 
required for solution. These methods arc: 

1. Rough field check of heat balance 

2. Nomograph method of computing heat balance 

3. Chemical-mathematical method of computing heat balance from ultimate 
analyses (exact method) 

METHOD 1. ROUGH FIELD CHECK OF HEAT BALANCE 

It is frequently necessary and convenient to make rough field checks of heat balance 
where little information is available other than the carbon dioxide percentages and 
temperatures of the stack gases. 

This may be accomplished by means of Tables 12-2 to 12-9, as follows: 

Heat Balance from Charts: 

1 . Find the dry flue-gas loss from Table 12-2 (anthracite), 12-3 (bituminous coal), 
12-4 (oil), 12-5 (natural gas), 12-6 (water gas), or 12-7 (propane). 

2. Find the hydrogen loss from Table 12-8 (gaseous fuels), or 12-9 (liquid and 
solid fuels). 

3. Allow for an estimated radiation loss from the boiler. This should range from 
about 1 to 2 per cent for large well-insulated power boilers to 30 per cent for domestic 
warm-air furnaces. Hence some experience is needed for accuracy, but as boilers of 
the same class are usually those being compared, this should not greatly affect the 
comparison. 

4. Allow for unconsumed carbon in the refuse, in the case of solid fuels only. 
This will seldom exceed 4 to 5 per cent and therefore will not greatly affect the approxi¬ 
mate heat balance. 

5. Subtract the sum of 1 to 4 from 100 per cent. The result will be the approxi¬ 
mate heat absorbed or efficiency. 

Hydrogen Loss Important with Liquid and Gaseous Fuels. It is common practice 
to neglect hydrogen losses in reporting oil and gas heat balances. This is highly 
erroneous, since, while in solid fuels the hydrogen loss seldom exceeds 4 per cent and 
can be safely overlooked, in oil or gas it may reach 15 per cent to become a major 
item. Thus, in determining approximate heat balances for liquid and gaseous fuels, 
hydrogen losses, as from Tables 12-8 and 12-9, should always be included. 
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Table 12-1. 


Input 


Heat input in the fuel used 



METHOD i. ROUGH FIELD CHECK OF HEAT BALANCE 


a85 


Table 12-2. Field Check: Dry Flue-gas Loss, Anthracite 

(Per cent, based on 13,000 Btu/lb) 


Stack temp, deg F, above boiler room 


per 

cent 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

3 

0 

47 

6 

53 

8 

60 

0 

66 

2 

72 

5 

78 

6 

84 7 

90 8 

96 

9 




4 

0 

36 

1 

40 

3 

45 

0 

50 

0 

54 

7 

60 

0 

64 2 

69 5 

74 

5 

79 

2 

83 2 

5 

0 

29 

2 

33 

1 

36 

9 

40 

7 

44 

6 

48 

2 

51.6 

55 3 

58 

5 

62 

7 

66 9 

5 

5 

26 

5 

30 

0 

33 

9 

37 

7 

41 

0 

43 

5 

47.3 

50 7 

53 

8 

57 

3 

61.0 

6 

0 

24 

2 

27 

6 

30 

8 

33 

9 

37 

3 

40 

4 

43 4 

46.4 

49 

6 

52 

6 

55.6 

6 

5 

22 

3 

25 

4 

28 

4 

31 

5 

34 

4 

37 

5 

40 2 

43.2 

46 

1 

48 

8 

51.2 

7 

0 

21 

1 

23 

8 

26 

6 

29 

2 

31 

9 

34 

6 

37 6 

40.2 

42 

8 

45 

4 

47 9 

7 

5 

20 

0 

22 

3 

24 

6 

27 

3 

30 

0 

32 

3 

35 0 

37.7 

40 

2 

42 

7 

45 0 

8 

0 

18 

4 

20 

8 

23 

3 

25 

8 

28 

3 

30 

5 

32 8 

35.3 

37 

7 

40 

0 

42.3 

8 

5 

17 

7 

19 

9 

21 

9 

24 

2 

26 

3 

28 

5 

30.6 

33.0 

35 

3 

37 

6 

40.0 

9 

0 

16 

6 

18 

6 

20 

8 

22 

8 

25 

0 

27 

1 

29.2 

31.4 

33 

5 

35 

5 

37.7 

9 

5 

15 

8 

17 

8 

20 

0 

22 

0 

23 

9 

25 

9 

27 8 

29 9 

31 

8 

33 

7 

35 6 

10 

0 

15 

0 

16 

9 

18 

8 

20 

7 

22 

7 

24 

6 

26 5 

28 4 

30 

4 

32 

3 

34.2 

10 

5 

14 

2 

16 

1 

18 

0 

19 

9 

21 

7 

23 

6 

25 4 

27 1 

28. 

.8 

30 

5 

32.3 

11 

0 

13, 

7 

15. 

3 

16. 

9 

18 

7 

20, 

,4 

22. 

2 

23.8 

25.4 

27. 

2 

28, 

.8 

30 6 

11 

5 

13 

1 

14 

6 

16 

1 

17 

7 

19 

5 

21 

2 

22.9 

24.5 

26 

1 

27 

7 

29 2 

12 

0 

12 

5 

14 

0 

15 

6 

17 

2 

18 

8 

20 

3 

21.9 

23 6 

25 

2 

26. 

.8 

28.4 

12 

5 

12 

2 

13 

6 

15 

1 

16 

6 

18 

1 

19 

6 

21 1 

22 6 

24. 

,1 

25 

7 

27 2 

13 

0 

11 

6 

13 

0 

14 

4 

15 

8 

17 

3 

18 

7 

20 1 

21 6 

23 

1 

24 

7 

26 2 

13 

5 

11 

0 

12 

5 

13. 

9 

15 

4 

16 

9 

18 

3 

19.6 

20 9 

22 

2 

23 

8 

25 4 

14 

0 

10 

8 

12. 

1 

13 

4 

14 

7 

16 

1 

17. 

6 

18 8 

20 1 

21 

5 

23 

0 

24 6 


Table 12-3. Field Check: Dry Flue-gas Loss, Bituminous Coal 

(Per cent, based on 14,000 Btu/lb) 


CO 2 , 


Stack temp, deg F, above boiler room 


per 

cent 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

3 0 

46 0 

51 8 

57 7 

63 4 

69 1 

74 7 

80 5 

86 2 

92 0 

97 7 


4 0 

33 8 

38 1 

42.3 

46 5 

50 7 

44 9 

59 2 

63 5 

67 7 

71 9 

76 1 

5.0 

27 5 

31 0 

34 4 

37 9 

41 4 

44 7 

48 2 

51 6 

55 1 

58 5 

62.0 

5 5 

24 9 

28 0 

31 1 

34.2 

37.4 

40.4 

43 5 

46.6 

49.7 

52 8 

55 9 

6.0 

22 8 

25 7 

28.6 

31.4 

34.3 

37 1 

39.9 

42 8 

45.6 

48 4 

51 3 

6.5 

21.1 

23 8 

26.4 

29.0 

31.6 

34.2 

36 9 

39.6 

42 2 

44 8 

47 4 

7.0 

19.6 

22 1 

24 6 

27 0 

29 5 

31.9 

34 4 

36.8 

39 3 

41 7 

44 2 

7.5 

18 5 

20 7 

23 1 

25.4 

27 7 

30.0 

32.4 

34.6 

36.9 

39 0 

41.6 

8.0 

17 5 

19 7 

21 7 

24 0 

26.2 

28.3 

30.5 

33 7 

34 9 

37.1 

39 3 

8 5 

16 5 

18.5 

20 6 

22.6 

24.7 

26.7 

28.8 

30.9 

32.9 

34 9 

37.0 

9 0 

15 5 

17.5 

19 5 

21.4 

23.4 

25.3 

27.2 

29.2 

31 2 

33.1 

35.0 

9.5 

14 7 

16 6 

18 4 

1 20 3 

22.2 

23 9 

25 8 

27 6 

29.5 

31.3 

33 2 

10.0 

14 0 

15 8 

17.6 

19 3 

21 0 

22.7 

24 5 

26.3 

28.1 

29 8 

31.6 

10 5 

13 4 

15 1 

16 8 

18 4 

20 1 

21 7 

23.4 

25.1 

26.8 

28.4 

30 2 

11.0 

12 9 

14.5 

16.1 

17.7 

19.3 

20.9 

22.6 

24.2 

25.8 

27.4 

29.0 

11.5 

12.3 

13 8 

15 4 

17.0 

18 5 

20 0 

21 5 

23 2 

24.7 

26.2 

27.8 

12 0 

11.8 

13 3 

14 8 

16.3 

17 8 

19.2 

20.7 

22.2 

23.7 

25 2 

26.7 

12.5 

11.5 

13 0 

14 4 

15 8 

17.3 

18.8 

20 2 

21.6 

23.0 

24 4 

25.9 

13.0 

11.0 

12.4 

13 8 

15 1 

16.5 

17.8 

19.2 

20.6 

22.0 

23.3 

24.7 

13.5 

10 5 

11.8 

13.2 

14.5 

15.8 

17.1 

18.5 

19.8 

21.1 

22 4 

23.7 

14.0 

1 

10.2 

11.5 

12 8 

14.1 

15.4 

16.6 

17.9 

19.2 

20.5 

21.8 

23.0 




3S6 


determination and calculation of heat balance 


Table 12-4. Field Cheek: Dry Flue-gas Loss, Oil 

(Per cent, based on 10,250 Btu/lb) 


CO 2 , 


Stack temp, dec F, above boiler room 


per 

cent 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

3 0 

38 8 

43.6 

48 5 

53 3 

58.1 

63.0 

67.8 

72 6 

77.5 

82.4 

87.2 

4.0 

27 9 

31 4 

34.9 

38.3 

41.8 

45.3 

48 8 

52 3 

55.8 

59 3 

62 8 

5.0 

22 7 

25.5 

28 3 

31.1 

34.0 

36 9 

39 7 

42.5 

45 3 

48 2 

51 1 

5.5 

20 7 

23.2 

25 8 

28.4 

31.0 

33 6 

36.2 

38.7 

41.3 

43 9 

46 5 

6.0 

18.9 

21.3 

23 7 

26.1 

28.4 

30.8 

33.2 

35.5 

37.8 

40 3 

42.6 

6 5 

17.5 

19.7 

21 9 

24 1 

26 2 

28 4 

30 6 

32 8 

35 0 

37 2 

39 4 

7.0 

16.4 

18.5 

20.6 

22 6 

24.6 

26.7 

28.8 

30 8 

32 9 

35 0 

37.0 

7.5 

15 4 

17.4 

19 3 

21 2 

23 1 

25.1 

27 0 

28.9 

30 9 

32 8 

34.8 

8.0 

14 2 

16.0 

17.8 

19 5 

21 3 

23.1 

24 8 

26 7 

28 4 

30 2 

32.0 

8.5 

13.4 

15.2 

16.9 

18.5 

20.2 

21.9 

23.6 

25.2 

26 9 

28.6 

30.3 

9.0 

12 9 

14 6 

16 2 

17 8 

19 4 

21 1 

22 7 

24 3 

25 9 

27 6 

28.2 

0 5 

12 2 

13.8 

15 3 

16 8 

18 3 

19 8 

21 4 

22 9 

24 4 

26 0 

27 5 

10.0 

11 7 

13.2 

14 7 

16 1 

17 6 

19 1 

20 5 

22 0 

23.4 

24.9 

27.9 

10 5 

11 2 

12.6 

14 0 

15 4 

16 8 

18 2 

19 6 

21 0 

22.4 

23.8 

25.2 

11 0 

10 7 

12.1 

13.4 

14 7 

16 0 

17.4 

18 7 

20.0 

21 4 

22.8 

24.1 

11.5 

10.2 

11 5 

12.8 

14 1 

15 4 

16.7 

18 0 

19 3 

20 6 

21 8 

23.1 

12.0 

9.8 

11 1 

12.3 

13 .5 

14.7 

1 15.9 

i_ 

17.2 

18 4 

19 6 

20 9 

22.1 


Table 12-6. Field Check: Dry Flue-gas Loss, Natural Gas 

(Per cent, based on 1,050 Btu/cu ft) 

















METHOD 1. ROUGH FIELD CHECK OF HEAT BALANCE 

Table 12-6. Field Check: Dry Flue-gas Loss, Water Gas 

(Per cent, based on 530 Btu/cu ft) 


Stack temp, deg F, above boiler room 

400 450 500 550 600 650 700 750 800 850 


Table 12-7. Field Check; Dry Flue-gas Loss, Propane 

(Per cent, based on 2,500 Btu/cii ft) 


Stack temp, deg F, above boiler room 


650 
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DETERMINATION AND CALCULATION OF HEAT BALANCE 


Table 12-8. Field Check: Per cent Hydrogen Loss, Gaseous Fuels 


-!- 

Gaa 

Btu/ 
cu ft 

Lb 

water 
/cu ft 
gas 

Per cent hydrogen loss 

Stack temp, deg F, above boiler room 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

Natural gas. 

1,050 

0.0982 

11.5 

11 7 

12.0 

12.2 

12 4 

12.6 

12.8 

13.0 

13.2 

13.4 

13 7 

Mixed, natural and water gas.. 

525 

0.0479 

11.4 

11 6 

11.8 

12.0 

12 2 

12 5 

12.7 

13.0 

13 2 

13.4 

13 7 

Retort coal gas. 

558 

0.0564 

12.2 

12 5 

12.7j 

12.9 

13.1 

13 3 

13.6 

13.8 

14.0 

14 3 

14 5 

Mixed coke-oven and carVju- 











1 



rcted water gas. 

545 

0.0494 

11.2 

11.4 

11 6 

11.8 

12.1 

12 3 

12.5 

12.7 

12 9 

13 2 

13 4 

Carbureted water gas. . . 

545 

0.0385 

8 6 

8 8 

9.0 

9 2 

9 3 

9.5 

9.7 

9.9 

10 0 

10 1 

10 3 

Water gas (coke) .... 

287 

0.0252 

10 8 

11.1 

11.3 

11.5 

11.6 

11 8 

12.0 

12.2 

12.4 

12 6 

12 8 

Water gas (bituminous) .. .. 

261 

0 0223 

10 3 

10 5 

10 7 

10 9 

11 1 

11 3 

11 5 

11 7 

11 9 

12 1 

12 3 

Oil gas (Pacific Coast) 

551 

0.0545 

12.1 

12.2 

12.6 

12 8 

13.0 

13 2 

13 4 

13.6 

13.9 

14 2 

14.5 

Producer gas (buckwheat an¬ 














thracite) . 

143 

0 0104 

9 0 

9.2 

9 4 

9 6 

9 8 

10 0 

10 2 

10 5 

10 7 

10 9 

11 2 

Blast-furnace gas 

92 

0 0009 

1 2 

1 2 

1 2 

1 3 

1 3 

1 3 

1 3 

1 4 

1 4 

1 4 

1 4 

Butane. 

3,225 

0 1865 

7.0 

7 2 

7 3 

7 5 

7 7 

7 8 

7 9 

8.1 

8 2 

8 4 

8 5 

Propane . 

2,572 

0.1425 

6 9 

7.1 

7.3 

7.4 

7.6 

7.8 

7 9 

8.1 

8.2 

8 4 

8 5 


Note: For analysis of the gases shown above, sec Table 9-5. 


Table 12-9. Field Check: Per Cent Hydrogen Loss, Liquid and Solid Fuels 


Fuel 

Btu/lb 

II 2 , 

per 

cent 

Stack temp, deg F, above boiler room 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

No. 6 fuel oil 

18,500 

10 8 

6 5 

6 

6 

6.7 

6 8 

6 9 

7 0 

7 2 

7 3 

7 4 

7 5 

7 7 

No. 2 fuel oil. 

19,300 

12 2 

7 0 

7 

1 

7 3 

7 4 

7 5 

7 6 

7 8 

7 9 

8 1 

8 3 

8 4 

Anthracite 

13,000 

1 8 

1 5 

1 

5 

1 6 

1 6 

1 7 

1 7 

1 7 

1 8 

1 8 

1 9 

1.9 

Bituminous. .. 

14,000 

4 2 

3 0 

3 

1 

3 2 

3 3 

3 4 

3.5 

3.6 

3.7 

3 8 

3.9 

4 0 


Computation of Moisture from Hydrogen Loss. As most fuel analyses used com¬ 
mercially are of the ^‘proximate” type and do not include the per cent of hydrogen, 
it is frequently ne(!essary to estimate or assume hydrogen content before computing 
this loss. This may be accomplished in at least three ways: 

1. A number of tables in this volume include either typical percentages of hydrogen 
for the various fuels or show the amount of water vapor produced by the combustion. 
Included are Tables 12-8 (gas), 12-9 (liquid and solids), 9-5 (gas), and various tables 
under discussions of the individual fuels. 

2. For coalj Fieldner and Selvig describe a simple method for computing the 
approximate hydrogen from the proximate analysis. This will be found as Fig. 11-15 
and its accompanying material. 

3. For oilf Todd describes a method of determining approximate hydrogen from 
specific gravity. This is shown in Fig. 11-17. 

METHOD 2. NOMOGRAPH METHOD OF COMPUTING HEAT 

BALANCES 

The following, or nomograph, method of computing heat balance is more accurate 
than the chart method. In fact, it will be found adequate for most use, excepting 
where extreme accuracy is required or for unusual ultimate analyses which would be 
out of line with the assumptions upon which these alignment charts were based. 

Heat Balance from Nomographs: 

1. Find the dry flue-gas loss from the figure corresponding to the fuel used (Fig. 
12-1 to 12-16). 
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2. Find the hydrogen loss from Fig. 12-17 (weight basis), or Fig. 12-18 (volume 
basis). Hydrogen ranges for the several fuels are shown as Table 12-10. Where 
the proximate but not the ultimate analysis of coal is known, the hydrogen content 
may be approximated by the method devised by Fieldner and Selvig and described 
in Chap. 11 (page 366). 

3. Find the moisture in the fuel loss from Fig. 12-19. 

4. Find the moisture in the air loss from Figs. 12-20 and 12-21. 

5. Find the unconsumed carbon in the flue-gas loss (CO loss) from Fig. 12-22. 

6. Find the unconsumed carbon in the refuse loss (ash loss) from Fig. 12-23. 

7. Find the radiation loss from Fig. 12-24. 

8. Where the boiler output can be calculated from the steam flow the sum of items 
1 to 7 in Btu plus the Btu output per unit of fuel should equal the heat in the fuel unit. 

Where the output is not known and cannot be readily measured, the heat in a unit 
of fuel minus the sum of these losses expressed in Btu per unit of fuel should equal the 
heat in the steam per unit of fuel. 

All such figures can be readily converted to percentage results. 


Table 12-10. Range of Hydrogen Per Cent, Pounds of Air, and CO 2 Per Cent for 
Zero Excess Air for Typical Solid and Liquid Fuels* 


Fuel 

Range of per 
cent hydrogen 

Range of lb 
of atmos¬ 
pheric air at 
zero excess air 
per 10,000 
Btu 

Range of CO 2 
per cent at 
zero excess air 

Anthracite. 

18-2 9 

7.81-7 93 

19 3-20 0 

Semianthracite 

3 2-3 4 

7 68-7 82 

19.1-19.2 

Low-volatile bituminous 

3 9-4 5 

7.62-7 73 

18 6-18 8 

Medium-volatile bituminous 

4 7 

7 77 

18 5 

High-volatile bituminous A 

4 6-5 9 

7 51-7 73 

17.7-18 7 

High-volatile bituminous B 

4 2-5 0 

7.56-7 73 

18 0-18 7 

High-volatile bituminous C 

4.0-4 6 

7.54-7 67 

18 0-18 7 

Subbiturnmous .. . 

3 8 

7.56-7 67 

19 1-19 2 

Lignite . . 

2 8-3 1 

7.47-7 52 

19 2-19 5 

Coke .. . 

0 5-3 2 

7 63-8 13 

19 3-20 7 

Softwoods. 

6 8-7 02 

7 05-7.22 

18.7-20 4 

Hardwoods. 

6 02-6 93 

7.09-7.28 

19 6-20.5 

Bagasse . . 

5.89-6 56 

6.25-6.99 

19 4-21.0 

60°API, gasoline. . 

14 8 

7 46 

14 87 

4.5°API, kerosene. 

14 0 

7 42 

15 12 

30°API, gas oil . 

12 8 

7 45 

15 48 

15°API, fuel oil . 

11 5 

7 58 

15.90 


Note: For gases, the usual ultimate analysis is not customarily made. The analysis is usually 
reported as the gaseous components, and hence the hydrogen content is not available. See Table 9-6, 
for the composition of the flue gas for the common fuels, in which the weight of water formed per cubic 
foot of gas burned is given. 

^ Compiled from “Combustion Engineering,” pp. 25-3 to 25-13. 
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determination and calculation of heat balance 


To use-connect CO2 reading of A to 
Btu/lb of B to locate lb of flue gas/lb 
of fuel of C. Connect C to temp above 
boiler room of D to find dry flue gas 
loss / lb fuel of E. 


<D 

2 30 - 


rl3p00 

^ 11,000 

-9000 
- 8000 
-7000 
-6000 


800-r*5,000 


6000 ^ ‘-14,000 

I 600- 

50001 ^ 

40005.-? 500--13,000 


U) 0““ 

■2 u. 

■2000 If 

■ 1800® ^-300- 

- 1600= E 

- 1400 S-f 
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1000 200 - 
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- 800 


- 12,000 


Fig. 12-1. Anthracite—dry flue-gas loss. 


Btu/lb fuel 



percent 
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To use-connect CO2 readfng of A to Btu/lb of B to 
locate lb of flue gas/lb of C. Connect C to temp 
above boiler room of D to find dry flue gos 
loss/lb of fuel of E. 



S’ 500- 


1800^ 

Q. 

F 


1600 

v 


1400 

'k 

400 

1200 

1000 

900 

Ul 


800 

700 

600 


300 


1-13,000 


J-12,000 


hn.ooo 
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Fig. 12-2. Bituminous coal—dry flue-gas loss. 


Btu / lb fuel 



COg, percent 
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DETERMINATION AND CALCULATION OF HEAT BALANCE 


A 



Fig. 12-3. Coke—dry flue-gas loss. 


Btu/lb fuel 



C02, percent 
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To use - connect CO2 reading of A to Btu/lb of B to 



Btu/lb fuel 



CO2«percent 
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A 



Fig. 12-5. Fuel oil—dry flue-gas loss. 


Btu/ lb fuel 



C02 , percent 
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Btu /cu ft fuel 



CO 2 percent 
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4 


5 


6 


7H 
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9- 
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tl- 
12 - 

13- 

14- 


To use - connect CO 2 reading of A to Btu/cu ft 
of B to locate lb of flue gas/cu ft of fuel of C. 
Connect C to temp above boiler room of D to 



15-J 

Fio. 12-7. Mixed natural gaa and water gas—^dry flue-gas loss. For analysis, see Table 


Btu/cu ft fuel 



C 02 , percent 
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A 

3-1 


1.9- 

1 . 8 - 

1.7- 

1 . 6 - 

1.5; 

1.4- 


lb use * connect CO 2 reading of A to B tu/cu ft of B 
to locate lb of flue gas/cu ft of CX Connect C to temp 
above boiler room of D to find dry flue gas loss /cu 
ft of fuel of E. 

E 

--600 

--500 

--400 



9H 


0.4H 


loH 


+ 30 


300-J 


^■400 


IH 


0.3H 


20 


12 -* 


Fig. 12-8. Coal gas-—dry flue-gas loss. Averaged analysis, see Table 9-5. 
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A To use- connect CO2 reading of A to Btu/cu ft of B 



Btu/cu ft fuel 



CO 2 percent 
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Btu/cu ft fuel 



CO 2 , percent 
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CO2 , percent 
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COg, percent 
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Btu/cu ft fuel 



percent 


METHOD g. NOMOGRAPH METHOD OF COMPUTING HEAT BALANCES 403 


To use - connect CO2 reading of A to Btu /cu ft of B to 
locate lb of flue gos/cu ft of C. Connect C to temp above 
boiler room of D to find dry flue gos loss /cu ft of fuel 
of E. 



Fig. 12-14. Producer gas (buckwheat anthracite)—dry flue-gas loss. For analysis, see 
Table 9-5. 


Btu /cu ft fuel 



C02 , percent 
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Fig. 12-16. Commercial butane—dry flue-gas loss. For analysis, see Table 9-5. 


Btu/cuft fu 9 l 



COg , percent 
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To use-connect COe reading of A to Btu/cu ft of B to 
locate lb of flue gas/cuft of C. Connect C to temp 
above boiler room of D to find dry flue gas loss/cuft 
of fuel of E. 


D B 

1000 -r 3000 



2500 


h2000 


Commercial propane—dry flue-gas loss. For analysis, see Table 9-6. 


Btu/cu ft fuel 



Exit temp deg Ftibove boiler room temp 
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To use - connect A to B and extend line to C 
to find loss. For typical hydrogen percents of 
various solid and liquid fuels, see Table 12-18 


C 

r ^ 

- too 

“ 200 

- 300 

- 400 
^ 500 
~ 600 

- 700 

- 800 

- 900 

- 1000 
-1100 
~ 1200 

- 1300 

- 1400 

- 1500 
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7 1700 

- 1800 
- 1900 
-2000 
-2100 
72200 
-2300 
-2400 
72500 
-2600 
72700 
728 OO 
72900 
-3000 


Fig. 12-17. Heat loss due to hydroKen in the fuel. 


Btu loss/lb fuel due to hydrogen in the fuel 



11000 

s 
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- 500- 

6 - P ^ 

r 400- ^ ^/5 t 

is ■ '"o/#/ 

300-1 Q/ir/ 

°/if 

o?o/ 

To use-connect temp above boiler room of A to lb of water 
formed/cu ft of gas of B (see Table 9-4 ) to find loss in 
Btu/cuft gas of C. 

Fig. 12-18. Heat losis due to hydrogen in gas (volume basis). Note: Proper¬ 
ties of gas are seldom reported in the ultimate analysis form as are solid and 
liquid fuels, and hence per cent hydrogen is not available. See Table 9-5 for lb 
water formed/cu ft gas for typical commercial gases. 




^ 900- 


o 600- 


CL 

P 400- 


To use - connect A to B and extend line to 
C to find loss 


Fig. 12-19. Heat loss due to moisture in the fuel. 
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Fid. 12-20. Water vapor per pound of dry air used for combustion, pounds. 



Lb of water vapor 
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A 



eQUatioiL Htu loss — T^moistuxe X 0.40 (Tgas T&it)* 


Exit temp deg F above boiler room temp 



Percent corbon monoxide in flue gas 
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A 

2 . 0 - 

11 : 
1.7- 
1 . 6 - 
1.5- 
1.4- 
1 . 3 - 
1 . 2 - 
J.1 
1 , 


To use-connect CO reading of A to COg 0 



06-J 


0.5- 


0.4- 


0.3- 


0.2 -J 



Fig. 12-22. IjOSS du6 to incoinplete combustion of carbon as carbon monoxide in stack. 


Percent carbon dioxide in flue gos 
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Btu loss/lb of fuel 
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t 


Fi^ 12-24. ABM A standard radiation loss chart. To use (values taken from example at top of chart), enter at arrow at 160,000 
Ib/hr and move vertically to the intersection of the “Radiation Loss at Maximum Capacity” line and the “Maximum Continuous 
Capacity’ line of 150,000 Ib/hr. Move horizontally to find loss for three water-cooled walls as indicated. For the same unit at 
75,000 Ib/hr, from the intersection continue along the sloped “150,000 Ib/hr” line to the vertical line representing 75,000 Ib/hr 
Move horizontally as before. 
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Example of Boiler Heat-balance Calculations Using Nomographs 

(Btu/hr basis) 


Item 

Data reciuired 

Method of calculation 

f _ 

Input 

Weight of fuel fired per hr 

Heating value of fuel, Btu/lb 

Btu/hr = lb fuel/hr X Btu/lb 

1. Output 

Pounds of steam/hr 

Pressure of steam, temp of steam if 
Bupcrheated, or quality if saturated, 
for heat content of steam in Btu/lb 
Temp of feed water 

Btu/hr = lb steam/hr X (heat content 
of steam — heat content of feed water) 

2. Dry flue-gas 
loss 

CO 2 % in stack, by volume 

Stack temp, boiler room temp, deg F 
Fuel heating value, Btu/lb 

From Figs. 12-1 to 12-16 according to 
fuel, in Btu/lb 

Btu/hr = Btu/lb loss X lb fuel/hr 

3. Loss due to 
evaporation of 
water formed 
by hydrogen 
burned 

Hydrogen % by weight for solid or 
liquid fuel 

Lb of water formed in flue gas/cu ft of 
gas burned 

Stack temp, and boiler room temp, deg F 

From Fig. 12-17, in Btu/lb for solid or 
liquid fuel 

Btu/hr = Btu/lb loss X lb fuel/hr 

Water formed/cu ft of gas burned from 
Table 12-8 

PYom Fig. 12-18 in Btu/cu ft 

Btu/hr = Btu/cu ft X cu ft gas/hr 

4. Loss due to 
evaporation of 
moisture in fuel 

Moisture % by weight of fuel 

Stack and boiler room temp, deg F 

From Fig. 12-19, Btu/lb 

Btu/hr = Btu/lb loss X lb fuel/hr 

5. Loss due to 
moisture in air 

CO 2 % in stack 

Stack and boiler room temp, deg F 

Wet- and dry-bulb temp of intake air 

From Table 11-6, lb of ideal air/10,000 
Btu of fuel 

Lb of ideal air/lb fuel >= (lb ideal 
air/10,000 Btu) X heating value of 
fuel, Btu/lb 

From Figs. 11-2, 11-3, or 11-4, % excess 
air for CO 2 % 

Lb actual air/lb fuel « lb ideal air/lb 
fuel X (1 + excess air %/100) 

P’rom Fig. 12-20, lb of water vapor/lb air 
Lb water vapor/lb fuel lb water 
vapor/lb air X lb actual air/lb fuel 
From Fig. 12-21, Btu loss 

Btu/hr = Btu/lb loss X lb fiiel/hr 

6. Loss due to in¬ 
complete com¬ 
bustion of car¬ 
bon as carbon 
monoxide in 
stack 

CO %, CO 2 % in stack gases 

Carbon % by weight of fuel 

PYom Fig. 12-22, Btu/lb loss 

Btu/hr » Btu/lb loss X lb fuel/hr 

7. Loss due to iin- 
consiimed car¬ 
bon in refuse 

Ash % by weight in fuel 

Per cent combustible in refuse 

From Fig. 12-23, Btu/lb loss 

Btu/hr = Btu/lb loss X lb fuel/hr 

8. Radiation and 
unaccounted- 
for loss 

For a boiler, the max rated capacity, 
lb steam/hr, and the number of water- 
cooled walls 

From Fig. 12-24, the radiation loss in % 
Btu/hr «= input, Btu/hr X radiation loss 

% 

Unaccounted for, Btu/hr input — 
(sum of items 1 to 7, inclusive + radia¬ 
tion loss if available) 
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METHOD 3. DIRECT CHEMICAL-MATHEMATICAL METHOD OF 
COMPUTING COMBUSTION RESULTS AND HEAT BALANCES 

While well within the range of most field analyses and measurements, and therefore 
sufficiently accurate for virtually all heat-balance purposes, the calculations of the 
nomograph method just preceding contain some approximations. These are due to 
the necessary assumptions of averages of required air and products of combustion. 
The following section includes tables designed to show, in highly condensed form, 
methods of computing exact combustion results and heat-balance items from such 
data as ultimate analyses. 

Tables included cover the following items: 

1. Calculation of the weight of oxygen and products of combustion with zero excess 
air (Table 12-11). 

2. Determination of the volume of the products of combustion with zero excess air 
(Table 12-12). 

3. Calculation of CO 2 in the stack gases: (a) with zero excess air (Table 12-13) and, 
(h) with varying amounts of excess air (Table 12-14). 

4. Heat-balance calculations 


Example of Calciilations. 


Fuel analysis, West 

Carbon .. .. 

Hydrogen 

Oxygen 

Nitrogen 

Sulphur 

Ash 


Virginia bituminous 
.. 0.7757 
0 0507 
0 0519 
0 0120 
0 0270 
0 0827 


Total. . 1 0000 


Heating value == 13,850 Btu per lb, dry basis 
Moisture in coal =1.61 per cent 

Test Data. Steam generator is operating at 45,340 lb steam per hr; its maximum rated 
capacity is 60,000 lb steam per hr. Steam is delivered at 125 psig, and 400°F, feed-water 
temperature is 181°F. Unit has four water-cooled walls. 

10.34 lb steam are produced per lb coal. 

Boiler room (intake air and fuel temperature) = 79°F dry-bulb 

= 71°F wet-bulb 

Stack analysis: CO 2 = 12.8% 

CO = 0 4% 

02 = 6 1 % 

N 2 = 80.7 % 

100 0 % 

Stack temperature = 500°F 

Ash and refuse per cent of dry coal = 9.42 per cent 
Combustible in ash and refuse = 32.3 per cent 

Input 

Btu/lb, heating value of fuel = 13,850 


Output + Losses 

1. Output, hi 

hi = W«(^ ““ hi^ 

Heat content of steam for 125 psig (139.7 psia) and 400°F = 1,221.2 Btu per lb, heat 
content of feed water at 181°F = 181 Btu per lb 

Ws = 10.34 lb steam/lb coal 
hi = 10.34(1,221.2 - 181) 
hi = 10,770 Btu/lb coal 
{Continued on page 418) 
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Table 12-11. Calculations of Weight of Oxygen and Products of Combustion 

(Zero excess air per cent) 


Ultimate analysis 

Lb oxygen 
required/lb fuel® 

Lb products of 
combustion/lb fuel 

Carbon (C) 

2.666 X C 

CO 2 = 3.666 X C 

Hydrogen (H 2 ) 

8 X H 2 

1120 « 9 X Hi 

Oxygen (O 2 ) ... 

Decreases outside oxygon 
required 


Nitrogen (N 2 ). 


Ni 

Sulphur (S) 

Ash . . 

1.000 X s 

SO 2 X 2 X S 

Sum = 1.0000 

Sum 

Plus Ni from air^ 


1 

Sum 


« These constants are derived from comljustion equations, e.g., 


Then 


C H- O 2 = CO 2 
12 lb + 32 lb = 44 lb 

O 2 = and CO 2 = 

= 2.666C = 3.666C 


Ratio of nitroRcn/oxygen in air is 76.8/23.2; therefore outside nitrogen from air 
sum O 2 required. 


Wx = lb dry air/lb fuel at zero excess air 
= nitrogen from air -f- sum of oxygen 


76.8/23.3 X 


Table 12-12. Determination of the Volumes of Products of Combustion for Zero 
Excess Air at Any Stack Temperature T°F 


Lb combustion products/lb fuel 
from Table 12-10 

Volume cu ft 
flue-gas con¬ 
stituent/ lb 
at standard 
conditions® 

Volume of flue-gas constituents, corrected to 
stack temp T, and weights of constituents, 
cu ft/lb fueF 

Carbon dioxide (CO 2 ) 

Water (H 2 O) 

8 160 

19 949 

460 + T 

CO, X 8 160 X + 32 - 

„ „ 460 + r 

H,0 X 19 949 X ^30 ^ 32 - 

Nitrogen (N 2 ), from fuel and air 

12 820 

460 + T 

N 2 X 12 820 X + 32 “■ 

Sulphur dioxide (SO 2 ) 

5 611 

460 + T 

SO,X5.611X^g„ +32- 



Sum of flue-gas constituents = ‘ 


® One mol of any gas has a volume of approximately 359 cu ft at standard conditions of 29.92 in. Hg 
and 32°F. Therefore 


Gas 

Lb/mol 
of gas 

Volume of gas/lb at 
standard conditions 

C02 

44 

= 8 160 

H 2 O 

18 

’‘•’Ms = 19 949 

N 2 . . . . 

28 

ssMs = 12 820 

SO 2 

64 

= 5 611 

Air 

28 95 

359 

28 95 “ 12.400 


Volume of gas eA T - volume of gas at standard conditions 


460 + T 
^ 460 + 32* 
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Tabie 12-13. Calculation of CO 2 Per Cent in Stack Gas for Zero Excess Air 

__ volume of CO 2 from Table 12->12 _ 

Wet basis, C0» per cent “• volume of flue-gas constituents from Table 12-12 

_ volume of CO 2 from Table 12-12 __ 

Dxy or Orsat basis, O2 per cent of volume of flue-gas constituents volume of H 2 O from 

Table 12-12 


Table 12-14. Calculation of CO 2 Per Cent in Stack Gas for Varying Excess Air 


Excess 
air per 
cent 

Extra air, 
Ib/lb fuel 

Volume of extra air 
at standard condi¬ 
tions, cu ft/lb fuel 

Volume of extra air 
at stack temp T, 
cu ft/lb fuel 

Volume dry 
flue gas, cu 
ft/lb fuel 

CO 2 per cent, 
dry or Orsat 
basis 

( 1 ) 

( 2 ) 

(3) 

(4) 

( 6 ) 

( 6 ) 

Pea 


12.400* X ( 2 ) 

( 3 ) V ^ 

^ 4G0 + 32 

Vg + (4) 

Yc 02 

(5) 


where P«o “ excess air per cent 

Wx “ weight of air for zero excess air, Ib/lb fuel, from Table 12-11 
* = volume of air/lb, from bottom of Table 12-12 
Vg = sum of flue-gas constituents — volume H 2 O, from Table 12-12 
Fcoa ** volume of CO 2 taken from Table 12-12 


Table 12-16. Combustion Diagram: Fuel OiP 


Ultimate analysis 

Weight of 
oxjrgen re¬ 
quired, lb 



Products of 
combustion 

Weight of 
products of 
combustion, 
Ib/lb coal 

Volume of 
products of 
combustion 
at 600®F, 
cu ft/lb coal 

C. 

0 8543 

2 2781 


_ 


CO 2 

3.1323 

55 1 

H2. 

0 1131 

0 9048 

■— 

— 

-► 

H 2 O . 

1.0179 

43 9 

O 2 

0 0270 


■— 






N 2 

0 0022 


— 

— 



N 2 

10.5789 

292 5 

S . 

0 0034 

0 0034 

■— 

— 

— 

— 


SO 2 . 

0 0068 

0 82 

Total 

1 0000 







Total . . 

14.7359 

392 32 

From outside air 







O 2 to CO 2 


2 2781 








O 2 to H 2 O 


0 8778 

— 






Os to 8 O 2 


0 0034 

— 





Ns in air. 


10 5767 






Total.. 


13 7360 







Per cent 
excess 
air 

Lb air/lb 
fuel oil 

Lb flue 
gas/lb fuel 
oil 

Cu ft wet 
gas/lb fuel 
oil at 600°F 

Cu ft dry 
gas/lb fuel 
oil at 600° F 

Per ce 

Wet 

basis 

nt CO 2 

Orsat, 
dry basis 

0 

13.7360 

14.7359 

392 32 

348 42 

14 0 

15 8 

20 

16 4833 

17 4833 

466 02 

422 12 

11 81 

13 05 

40 

19 2305 

20 2305 

539 72 

495 82 

10 2 

11 1 

60 

21 9777 

22 9777 

613 42 

569 52 

8 98 

9 67 

80 

24.7241 

25 7429 

687 12 

643 22 

8 02 

8.55 

100 

27.4721 

28.4721 

760 82 

716 92 

7.24 

7.7 


^ » From Gaffbrt, Gustaf A., “Steam Power Stations,” 3d ed., p. 182, McGraw-Hill Book Company. 
Inc., New York, 1946. 
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Table 12-16. Combustion Diagram: West Virginia Bituminous Coal 


Ultimate analysis 


C. 0 7757 

H2 . 0 0507 

O 2 . 0 0519 

N 2 . 0 0120 

S . 0 0270 

Ash ... 0 0827 

Total... 1 0000 


Weight of 
oxygen re¬ 
quired, lb 


2 0685 
0.4056 


0 0270 


2 5011 


From outside air 


O 2 to CO 2 . 

O 2 to H 2 O . 

O 2 to SO 2 . 

N 2 in air. 

Total . 


2 0685 
0 3537 
0 0270 
8 1080 


10 5572 


Products of 
combustion 

t 

Weight of 
products of 
combustion, 
Ib/lb coal 

Volume of 
products of 
combustion 
at 500®F, 
cu ft/lb boal 

CO 2 . 

2 8442 

45.58 

H 2 O. 

0.4563 

17.76 

Na . 

8 1200 

206 20 

SO 2 . 

0 0540 

0.59 

Total. 

11 4745 

270.13 


Per cent 
excess air 

Lb air/lb 
coal 

Lb flue gas 
/lb coal 

Cu ft dry 
gas/lb coal 
500®F 

Per cent CO*, 
dry or Orsat 
basis 

0 

10 5572 

11 4745 

252.4 

18.05 

20 

12 6712 

13 5885 

303.5 

15.01 

40 

14 7852 

15 7025 

354.6 

12.86 

60 

16 8912 

17 8085 

405 4 

11.24 

80 

19 0032 

19 9205 

456.4 

9 98 

100 

21 1144 

22 0317 

508.6 

8.96 


Table 12-17. 


Per cent volu¬ 
metric analysis 
at 62°F 

Mol. 

wt 

Weight 

analysis 

CO 2 .. 

0 004 

44 

0 000462 

CH4 . 

0 921 

16 

0 038774 

C 2 H 6 .. 

0 041 

30 

0 003231 

Na 

0 034 

28 

0 002506 

Total 

1 000 


0 044973 


Air for combustion 


O 2 for CH 4 . 

0 155096 

O 2 for Calle . 

0 012062 

Na in air . 

0 553293 

Total air 

0 720451 


Combustion Diagram: Natural Gas^ 


Products of 
combustion 

Weight 
analysis 
of products 
of com¬ 
bustion 

Specific 
volume 
at 660°F 

Volume 
products 
of com¬ 
bustion 
at 650®F 

0.004620) 

0.106628 l-COa . 
0 009475/ 

0 087241) XT n 
0.005816} 

0 555802 Na 

0.120723 

0 093057 

0 555802 

18.4 

45.0 

28 7 

2.219 

4.187 
15 940 

Total . 

0.769582 


22.346 


Per cent 
excess 
air 

Lb air/cu 
ft natural 
gas 

Lb flue 
gas/cu ft 
natural gas 

Cu ft flue gas/cu ft 
natural gas at 650°F 

Per cent CO 2 

Wet 

Diy 

Wet 

basis 

Orsat, 
dry basis 

0 

0 72045 

0.76958 

22.346 

18.159 

9.93 

12 2 

20 

0.86454 

0.91367 

26 376 

22 189 

8 42 

10.0 

40 1 

1.00863 

1 05776 

30 406 

26 219 

7 29 

8.46 

60 

1 15272 

1.20185 

34.436 

30 249 

6.44 

7.33. 

80 

1 29681 

1.34594 

38.466 

34 279 

5 77 

6 47 

100 

1.4409 

1.49003 

42.496 

38.309 

5.22 

5.79 


1 From Gaffbbt, Gustaf A., op. cii., p. 183. 
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B<^eT Heat-balance Calculations, Exact Method 

(Btu/lb basis) 

Procedure 


Item 

Data required 

Method of calculation 

Input 

Heating value of fuel, Btu/lb 


1. Output, hi, 
Btu/lb fuel 

Lb steam/lb fuel 

Pressure of steam, temp if sui^erheatod, 
quality if saturated, for heat content of 
steam 

Temp of feed water 

hi = W,(h. - hw) 

Wa = lb of steam produced/lb fuel fired 
ha = heat content, Btu/lb of exit steam 
hw = heat content, Btu/lb of feed water 

2. Dry flue-gas 
loss, hi, Btu/lb 
fuel 

Orsat stack analysis 

Combustion calculations for weight of 
gas products 

Temp of flue gas 

Temp of air 

hi = 0.2^Wg{To - Ta) 

0.24 = specific heat of gases 

Wg — lb of dry flue gas/lb fuel 

Tg — temp of flue gas at exit, deg F 

Ta = temp of entering air, deg F 

3. Loss due to 
evaporation of 
water formed 
by burning hy¬ 
drogen, hi, Btu 
/lb fuel 

Hydrogen % by weight of fuel 

Temp of flue gas 

Temp of fuel 

hi = 9H(1089 - T/ -f 0 467’ff) 

H = hydrogen % -^ 100 

Tf — temp of fuel, deg F 

Tg = temp of flue gas at exit, deg F 

4. Loss due to 
evaporation of 
moisture in 
fuel, hi, Btu/lb 
fuel 

Moisture % by weight of fuel 

Temp of flue gas, deg F 

Temp of fuel, deg F 

hi = Wn,/( 1,089 - Tf-\- 0.40 T„) 

Wmf = lb moisture/lb fuel 

Tf = temp of fuel, dog F 

Tg = temp of flue gas at exit, deg F 

5. Loss due to 
moisture in air, 
^6, Btu/lb fuel 

Orsat stack analysis 

Temi) of flue gas 

Wet- and dry-bulb temp of intake air, 
apply to Fig. 12-20 

hi = 0 4G}Vn,a(Tg - Ta) 

0.40 = specific heat of water vapor 

Tg = temp of flue gas at exit, deg F 

Ta = temp of intake air, deg F 

Wma = lb water/lb dry air X lb air 
supplied/lb fuel 

6. Loss due to in¬ 
complete com¬ 
bustion of car¬ 
bon as carbon 
monoxide in 
stack, ho, Btu/ 
lb fuel 

Orsat stack analysis 
% carbon of fuel by weight 

CO 
- CO + 

CO, CO 2 => per cent by volume from 
Orsat analysis of flue gas 

C = lb carbon/lb fuel 

7. Loss due to un¬ 
consumed car¬ 
bon in refuse, 
h, Btu/lb 

% combustible by weight in refuse 

Ash % by weight in fuel 

h? = Wc(14,l.')0) 

We = lb uncoiisumed carbon in refuse/ 
lb fuel fired 

8. Radiation and 
unaccounted- 
for loss, hs 

For a boiler, max capacity, and No of 
water-cooled walls, lb steam/hr 

ABMA radiation chart, Fig. 12-24 

hi = HVF — (sum of items 1 to 7, 
inclusive -f- radiation loss if 
available) 

JIVF = heating value of fuel, Btu/lb 


2. Dry flue-gas loss, /12 


Excess air % 


h2 - 0,2AWo(Tg - Ta) 

_02-J4co 


X 100 


0.264N2 - (O 2 - MCO) 

For a CO of 0.4 per cent and O 2 of 6.1 per cent, and N 2 = 80.7 per cent, 

6.1 - 0.2 


Excess air % 


0.264(80.7) - (6.1 - 0.2) 
= 38.4 


X 100 
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Air for zero excess air, from Table ^12-16, for the combustion ^calculations for this coal, ia 
10.6672 lb per lb coal. 

Extra air ** 10.6672 X 0.384 = 4.060 lb air/lb coal 

Pounds of dry flue gas (Table 12-16), for zero excess air * 11.4746 — 0.4663 * 11.0182 
lb gas per lb coal. 

Total flue gas at 38.4% excess air =* 11.0182 ' 

+ 4.060 
16.0782 


For a stack temperature of 600®F, and air temperature of 79°F, 

h2 = 0.24(16.0782X600 - 79) 
hi — 1,524 Btu/lb coal 

3. Loss due to evaporation of water formed by burning hydrogen, 


hi = 9H(1,089 - Tf + 0.467V) 


For a hydrogen per cent of 5.07, fuel temperature of 79°F, and a stack temperature of 
500°F, 

*3 = 9 (1.089 - 79 + 0.46 X 500) 

hz = 566 Btu/lb coal 

4. Loss due to the evaporation of the moisture in the fuel, Ha 
hA - W„»/(l,089 - T/ 4- 0.46r„) 

The 1.161 per cent of moisture becomes in terms of dry coal 

(loo'-lei) = 

For a moisture per cent of 1.64, stack temperature of 600®F, and a fuel temperature of 
79°F, 

*4 = ^ (1,089 - 79 + 0.46 X 600) 


= 20.4 Btu/lb coal 

5. Loss due to moisture in the air, hz 

hz = 0.46TF7»a(7V “ Ta) 

From Fig. 12-20, for a dry bulb of 79°F and a wet bulb of 7l°F, the difference being 8®F, 
the pounds of moisture per pound of dry air = 0.014. 

From item 2, the dry flue-gas loss, the air required is 

10.5572 lb air/lb coal for zero excess air 
+ 4 060 lb extra air/lb coal 
14 6172 lb air/lb coal for 38.4% excess air 
Wma = 0.014(14,6172) = 0.2045 lb moisture/lb coal 
For a moisture weight of 0.2045 lb per lb coal, a stack temperature of 500°F, and an air 
temperature of 79°F, 

hz = 0.46(0.2045) (500 - 79) 
hz — 39.6 Btu/lb coal 

6. Loss due to incomplete combustion of carbon as carbon monoxide in stack, hz 

CO 

** “ CO + COs 

For CO = 0.4 per cent, CO 2 = 12.8 per cent, and C = 77.67 per cent. 


hz 


0.4 (77.57) 

0.4 + 12.8 100 


(10,190) 


hz = 239.2 Btu/lb coal 

7. Loss due to unconsumed carbon in the refuse, hj 

hi = Trc(14,160) 

For ash and refuse per cent of dry coal =» 9.42, and combustible in ash and refuse — 32.3 
per cent. 
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hi «* 
hi — 


(9A2) (32.3) 
100 100 


(14; 160) 


430.5 Btu/lb coal 


8. Radiation and unaccounted-for loss, hs. From Fig. 12-24, for a boiler rated at 
60,000 lb of steam per hr and operating at 45,340 lb per hr, the radiation loss is 1.09 per cent. 


Radiation loss 


1.09 

13,850 

151.0 Btu/lb coal 


The unaccounted-for loss is found by difference (see following tabulation). 

Unaccounted-for = 109.3 Btu/lb coal 


Item 

Btu/lb coal 

Per cent 

Input . 

13,850 0 

100 0 

1. Output. 

Losses: 

10,770 0 

77 78 

2. Flue gas. 

1,524 0 

11 00 

3. Hydrogen .. 

566 0 

4 08 

4. Water-fuel . 

20 4 

0 15 

5. Water-air .. 

39 6 

0 29 

6. CO 

239 2 

1 72 

7. Carbon-ash .. 

430 5 

3 11 

8. Radiation. 

151 0 

1 09 

Unaccounted 

109 3 

0 78 

Total . 

13,850 0 

100 00 


BOILER HEAT LOSSES AND THEIR CAUSES^ 

Dry Flue-gas Loss 

High Pounds of Air per Pound of Coal. This is due to high excess air revealed by 
low CO 2 . This is the largest of all the boiler losses. The Bureau of Mines says,^ 
general, the more air used in burning coal the greater is the quantity of heat car¬ 
ried away in the chimney gases, the loss being very near proportional to the amount 
of air used in combustion.” 

High Flue-gas Temperature. 

1. Poor transfer rates 

a. External heating surface dirty because of soot, dust, etc. 

fe. Low CO 2 resulting in excess air and in low furnace temperature 

c. Insufficient mixing of distilled and dissociated gases and air 

d. Incomplete combustion in furnace followed by secjondary combustion in gas 
passes 

e. Gases striking heating surface before combustion completed 

/. Loss to stack of uncombined hydrogen, hydrocarbons, and CO 

g. Stagnant gases upon any part of heating surface 

h. Poor bathing of heating surfaces with short downward flow 

i. Not sufficient scrubbing action and velocity of gases to wipe away gas cooled 
and adhering to heating surface 

j. Short gas pass of large cross section 

k. Short-circuiting heating surface with short downward flow 
/. Stratification or laning of gases through open gas passes 

m. Gas baffles leaky, broken, or fallen out of place 

n. Rate of combustion to furnace volume too high 
0 . Poor stoker application for coal to be burned 

1 The Heat Balance as an Aid to Reducing Fuel Costs in Boiler Rooms, 2d ed., Bull. 10, The Wickes 
Boiler Co., Saginaw, Mich., pp. 11-15. 

• Bur, Mines, Tech. Paper 80, p. 62. 
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р. Defective leaky setting admitting excess air, cooling gases 

2. Poor heat absorption 

а. Dirty heating surfaces internally because of scale, grease, mud 

б. Sluggish water circulation or stagnant water , ^ 

с. Pockets of steam in gas-swept surfaces 

d. No mud drum to hold impurities precipitated from water 

e. Heavily overcrowding heating surface 

/. Poor damper control 

g. Little or no heat transferred by radiation 

Difficulty of Measuring Flue-gas Temperature Accurately. According to the 
Bureau of Mines,^ 

Accurate measurement of the temperature of the gases as they pass through a boiler 
setting is extremely difficult, especially where the temperature of the gases differs greatly 
from that of the surrounding surfaces. Under such conditions, the results obtained by 
ordinary methods of measurement are seldom correct within less than 10 per cent and are 
frequently off 25 per cent. The errors in the measurements are due chiefly to three causes, 
as follows: 

1. Radiation from the instruments with which the temperatures are measured. This 
error usually makes the observations too low. 

2. Variation of the temperature of the gases at different points in a cross section of the 
path of the gases. This error may make the readings too high or too low, more often 
too low. 

3. Fluctuation of temperature at any one point may cause the reading to be too low or 
too high. 

Loss Due to the Evaporation of Moisture in the Fuel 

1. Moisture held within the pores of the coal by capillary attraction is unavoidable. 

2. Moisture appearing on the surface as mined is also unavoidable. 

3. Moisture due to rain and snow during transit or storage is partly avoidable. 

4. Moisture put in by fireman with hose is avoidable. 

5. In the presence of moisture hydrogen usually escapes more freely (see Radiation 
lioss for chemical reactions). 

6. Moisture is detrimental when fired in pulverized form, because of coking. 

7. Moisture increases liability of spontaneous combustion. 

8. Coals high in moisture are usually high in ash. 

9. It may sometimes be necessary to wet coal because of its fineness, in order to 
hasten coking and so prevent loss due to falling through grates; or sometimes fine 
dry coal packs and prevents the requisite amount of air from reaching the fuel. This 
can be somewhat prevented by wetting. The advisability of wetting must be decided 
in each case, but no more wetting should be done than is absolutely necessary. 

Loss Due to Incomplete Combustion of Carbon, as Carbon Monoxide 

in the Stack 

1. Too thick a fire or a dirty fire 

2. Too small an air supply 

3. Draft not suited to thickness and quality of fire bed 

4. Combustion chamber too small to permit time for mixing of gases and air 

5. Furnace temperature so low that gases are not raised to igniting point 

6. Fusion of ash on surface of fuel forming a blanket against air admission 

7. Heavy firing at long intervals of time 

8. Lack of time for combustion to be completed before reaching boiler surface 

9. When fresh moist coal is thrown on a bed of white-hot coke 

10. Smoke usually appearing and hydrogen and hydrocarbon gases usually lost as 
CO appears. 

11. CO usually appearing as CO 2 exceeds 15 per cent 

1 U,8, Bur. Mines Bull. 146, p. 9. 
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Loss Due to Unconsumed Carbon in the Refuse 

1. Coal unsuited to grate and furnace 

2. Too large openings in the grate 

3. High ash content fusing at low temperature, forming clinker 

4. Too high a furna(!e temperature, fusing ash to a clinker 

5. Too frequent cleaning of fires due to clinker. Clinker caused by 

a. Too thick a fuel bed e. Coal burning in ashpit 

b. Excessive slicing of fires /. Preheating air 

c. Thin spots in fire g. Much slack in coal 

d. Regulating draft by ashpit doors 

6. Too frequent shaking of grates 

7. Too frequent dumping of grates or dump baskets of stokers 

8. Too frequent poking, raking, hoeing, and slicing 

9. Firing green coal onto bare spots on grate 

10. Carelessness in shoveling; fuel bed not kept level 

11. Too high a rate of combustion for draft available 

12. Poorly proportioned grate or stoker to rate of combustion, draft, and kind of 
coal 

13. Too small a furnace volume for rate of combustion desired 

14. Loss increase as the ash content of coal increases 

Radiation and Unaccounted-for Loss 

1. Porous brick used in setting and uncovered 

2. Setting not insulated, and uncovered 

3. Walls too thin and large joints of mortar uncovered 

4. Drumheads and shells uncovered 

5. Walls heated to very high temperature 

6. Hydrogen loss due to chemical reaction 2 H 2 O -|- C = CO 2 + 4H, when moist 
coal is fired on white-hot coke 

7. Carbon monoxide and hydrogen due to C + H 2 O = CO + 2 II 2 , when water 
comes in contact with coke 

Table 12-18. Losses of Steam, Air, and Water Due to Leaks^ 


Daily waste of steam, air, and water, and ecimvalent coal 


Size of 
opening. 

Steam 

Compressed air" 

Water 

in. 

Lb steam 
wasted/ 
day 

Lb equiva¬ 
lent coal/ 
day 

Cu ft air 
wasted/ 
day 

Lb equiva¬ 
lent coal 
day 

Cal water 
wasted/ 
day 

Lb equiva¬ 
lent coal/ 
day 

He 

573 

64 





yk 

2,470 

274 

34,560 

62 

3,615 

2.4 

Vi. 

9,000 

1,000 

137,000 

241 

14,430 

10 0 


20,330 

2,259 

307,000 

540 

32,500 

21 0 


33,500 

3,944 

547,000 

960 

57,800 

38 0 

K 





129,700 

85 0 

1 





230,000 

151 0 

2 





520,000 

925,000 

1 341 0 

606 0 


1 Dulmage, W. W., Ford’s Fuel Efficiency Program, A Guide for Reducing Fuel Consumption in 
Commercial Plants, U.S. Bur. Mines Bull. 466, pp. 154-155, 1947. 

® Air computed at 90 psig. 
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DRAFT PRODUCED BY CHIMNEYS^ 


The available draft in a chimney is equal to the difference in the weight of a cold 
column of external air and a like column of hot gas in the chimney, minus the loss due 
to internal friction and the loss due to ac(!elerating the gases. The height therefore 
depends upon the available draft required and may be influenced by the diameter. 
The customary method of determining either the available draft or the chimney 
height (depending on which is the unknown) is to compute the theoretical draft or 
chimney height based on the above simple fundamental of gas column weights and 
then to apply a factor of efficiency to reduce this to actual draft or height. 

Maximum Theoretical Draft. The maximum theoretical draft (MTD) which can 
be produced by a chimney before correcting for friction and velocity (chimney effi¬ 
ciency) may be expressed by the formula 


Max theoretical draft (MTD) == ZAbHBa 



where H = height of the chimney above the grates, ft 
MTD — maximum theoretical draft, in. water 

da = density of the air, Ib/cu ft (0.0807 under standard conditions) 
dg = density of the chimney gases, Ib/cu ft (depends on gas analysis. For 
coal will vary between about 0.0812 at 3 per cent CX) 2 *and 0.0843 at 12 
per cent CO 2 . 0.084 is a good general assumption) 

Ta =“ temperature of the air, deg F absolute (absolute temperature equals 
observed temperature plus 461) 

Tg == mean temperature of the gases in the chimney, deg F absolute 
Ba == atmospheric pressure, in. Hg 

Simplification of Draft Formula. Where the assumptions of 29.92, 0.08071, and 
0.0840 for barometric pressure, density of the air, and density of the gases can be 
accepted, as with ordinary flue gases at sea level, the formula for theoretical maximum 
draft reduces to 


MTD = U 


/7.64 

\ Tr 


7.95\ 

'Tg ) 


To simplify further the solution of maximum theoretical draft and chimney height 
problems, the bracketed portion of this equation, namely, [(7.64/7^0) — (7.95/7’o)], 
has been worked out for atmospheric pressure at sea level and 60°F external air tem¬ 
perature as shown in Table 13-1. 


Table 13-1. Value of 7.64/621 — 7.96/Tfl for Various Chimney Temperatures 

(Hereafter referred to as value J) 


To 

J 

To 

J 

To 

J 

To 

J 


0 00263 

300 

0 00420 


0 00541 

500 

0 00639 


0 00298 

320 

0 00447 

420 

0 00563 

550 

0 00671 

240 

0 00330 

340 

0 00472 

440 

0 00584 

600 

0 00717 

260 

0 00363 

360 

0 00497 


0 00603 



280 

0 00394 

380 

0 00520 

480 

0 00620 




Using the value from Table 13-1, maximum theoretical draft can then be expressed as 

MTD = HJ 

where J is the value from the table corresponding to the chimney temperature 

1 “Custodis Chimneys,” Alphons Custodis Chimney Construction Co., New York, 1924. 
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Chimney Temperature. The correct use of such draft formulas requires a knowl¬ 
edge of average chimney temperature rather than entering or breeching temperature, 
since Tg represents such an average. While it is true that there is a drop in tempera¬ 
ture through a chimney, it is difficult to estimate, since the drop in temperature 
depends upon such factors as the dimensions of the chimney, the material of construc¬ 
tion, and the volume of the gases. Unfortunately, data on this important point are 
meager. Custodis ^ gives the values shown as Fig. 13-1 for two chimneys. Moynihan* 



Height of chimney In feet 


Fig. 13-1. Average temperature of gases in per cent of entering temperature vs. stack 
height. 



Carbon dioxide,percent 

Fig. 13-2. Density of flue gases vs. per cent CO 2 . 


finds that the mean value of Tg is usually greater than assumed. In his tests on the 
(yornell University chimney (225 by 11 ft), he found that the temperature drop was 
rather small. The assumption of too low a value of mean Tg results in a choice of 
(‘himney smaller in diameter and higher in height than conditions warrant. 

While the weight of gas which will pass up a chimney increases as the temperature 
of the flue gases increases, a maximum is reached, according to Rankin, at about 622°F, 
as at any internal temperature above that the gas velocity increases less than the 
density of the gas decreases. 

1 Op. cH. 

2 Motnihan, John R., An Investigation of Chimney Performance, Cornell Univ., Eng. Expt. Sta. 
Bull. 16. Apr. 1, 1933. 
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Maximum Available Draft The maximum theoretical draft multiplied by the 
efficiency of the chimney, or, in other words, minus such losses as friction and velocity, 
becomes the maximum available draft. This is the practical figure which should 
be used for chimney calculations. Formerly a common assumption of chimney effi¬ 
ciency was 80 per cent. The final formula for draft thus became 

MAD - HJ X 0.80 

where MAD = maximum available draft to replace the maximum theoretical draft 
of the original formula 

A similar change can be made in the other draft formulas shown, viz., insertion of 
the efficiency fraction in the right-hand side, to change theoretical draft to available 

draft. 

However, Moynihan^ feels that the 80 
per cent efficiency figure used is too low 
and that the resultant chimneys are thus 
higher than necessary and are capable of 
producing more draft than that calcu¬ 
lated. He found that the friction loss in 
the Cornell tests was practically negligi¬ 
ble, that the velocity head should prob¬ 
ably not be charged as a loss except as a 
difference in velocity heads between exit 
and entering velocity, and that the hot 
gas cohimn above the chimney top defi¬ 
nitely tends to increase the actual draft. 
He concluded that the actual draft very 
nearly approaches the theoretical draft 
particularly where the design is based on the maximum capacity and this maximum 
capacity of the plant is not approached. He also found but small air infiltration 
as compared with usual assumptions. 

Chimneys at Altitudes above Sea Level. As the altitude above sea level increases, 
the barometric pressure decreases, or, in other words, the weight of air per cubic foot 
is less. There is some difference in opinion as to the correct method of calculating 
the height of a chimney at altitudes. However, the method (iommonly used of 
multiplying the height required at sea level by the ratio of the barometer reading at 
sea level to the barometer reading at altitude has given good results. Of course, if 
the formula used has included atmospheric pressure, and that of the altitude, rather 
than 29.92, has been used, such correction will not be necessary as the results will be 
direct for the altitude. In this section, tables calculated at sea level are so stated, 
while formulas not containing the barometric factor must be corrected. 

The number of pounds of air required to burn a pound of any given fuel is the same, 
regardless of the altitude (usually about 7.6 lb per 10,000 Btu). It is therefore 
obvious that the volume of air furnished for combustion and the resultant volume of 
flue gas must increase as the barometric pressure decreases. 

It is evident that, when the height of the chimney and volume of gas are increased, 
the friction loss is increased. In order that the same draft may be available as at sea 
level, it will be necessary to increase the diameter proportionately. Reliable author¬ 
ities state that the diameter should vary as the two-fifths power of the ratio of the 
barometer reading at sea level to the barometer reading at altitude. The barometric 
pressure drop affects the height very much more than the diameter. Up to an 



Fig. 13-3. Approximate weight of flue gas 
per pound of coal fired vs. CO 2 . 


1 Op. cit. 
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Table 13-2. Theoretical Draft Pressure in a Chimney 100 Ft High^ 

(Inches of water, assuming sea>level conditions. For any other height multiply by H/IOQ) 


Temp 

in 


Temp external air (barometer » 30), deg F 


ney, 
deg F 

0 

10 

20 

30 

40 

50 

60 

70 

80 



200 

0 453 

0.419 

0 384 

0 353 

0 321 


0 263 

0 234 

0 209 

0 182 

0 157 

220 

0.488 

0 453 

0 419 

0 388 

0 355 

0.326 

0.298 

0 269 

0 244 

0 217 

0.192 

240 

0 520 

0.488 

0 451 

0 421 

0.388 

0 359 

EKBia 

0.301 

0 275 

0 250 

0.225 

260 

0 555 

0 528 

0.484 

0.453 

0.420 

0.392 

0 363 

0.334 

■IIBiiUM 

0.282 

0 267 

280 

0 584 

0.549 

0.515 

0.482 

0.451 

0.422 

0.394 

0.365 

0.340 

0.313 

0.288 

300 

0 611 

0 576 

0.541 

0 511 

0.478 

0.449 

0 420 

0 392 

0 367 

0.340 

0.315 

320 

0 637 

0 603 

0.568 

0 538 


0.476 

0.447 

0 419 

0.394 

0.367 

0.342 

340 

0.662 

0 638 

0 593 

0 563 

0 530 

0 501 

0 472 

0.443 

0.419 

0.392 


360 

0 687 

0 653 

0.618 

0.588 

0.555 

0.526 

0 497 

0 468 

0.444 

0.417 


380 

0.710 

0 678 

0.641 

0.611 


0.549 

0.520 

0.492 

0.467 

0.440 

0.415 

400 

0 732 

0 697 

0.662 

0 632 

0.598 

0.570 

0.541 

0.513 

0.488 

0.461 

0.436 

420 

0 753 

0 718 

0 684 

0 653 

0 620 

0 591 

0 563 

0 534 

0 509 

0 482 

0.457 

440 

mmMim 

0.739 


0 674 


0 612 

0 584 

0.555 

0.530 

0 503 

0 478 

460 

0 793 

0 758 

0 724 

0 694 


0 632 

0 603 

0 574 

0 549 

0.522 

0.497 

480 


0 776 

0.741 

0 710 

0 678 

0 649 

0 620 

0 591 

0.566 

0.540 

0.515 

500 

0 829 

0 791 

0 760 

0 730 

0 697 

0 669 

0 639 

0 610 


0 559 

0.534 

550 

0.863 

0 828 

0 795 

0 762 

0 731 

mmissM 




0.593 

0 585 

600 

0.908 

0.873 

0.839 

0.807 

0.776 

0.746 

0.717 



0.638 

0.613 


1 “Custodis Chimneys,” p. 48, Alphons Custodis Chimney Construction Co., New York, 1924. 


Table 13-3. Chimneys at Altitudes above Sea LeveP 

(Correction factors) 


Altitude, 
ft abov'e 
sea level 

Barometric 
reading, 
m. Hg 

R relative 
gas volume 

R^^* ratio of 
chimney 
diameters 

Altitude, 
ft above 
sea level 

Barometric 
reading, 
m. Hg 

R relative 
gas volume 

R^^ ratio of 
chimney 
diameters 

0 

30 00 

1 000 

1 000 

4,500 

25 45 

1.180 

1 068 

500 

29 46 

1 019 

1 008 

5,000 

24 98 

1.201 

1 076 

1,000 

28 92 

1 037 

1 015 

5,500 

24 53 

1 224 

1.084 

1,500 

28 40 

1 057 

1.023 

6,000 

24 08 

1 246 

1 092 

2,000 

27 88 

1 076 

1.030 

6,500 

23.65 

1.269 

1 100 

2,500 

27 38 

1 096 

1.038 

7,000 

23 22 

1.292 

1.108 

3,000 

26 88 

1 116 

1.045 

8,000 

22 38 

1 340 

1 124 

3,500 

26 40 

1 137 

1 053 

9,000 

21 58 

1 390 

1 141 

4,000 

25 91 

1 158 

1.060 

10,000 

20.80 

1 442 

1.158 


1 “Custodis Chimneys,” Alphons Custodis Chimney Construction Co., New York, 1924. 


Table 13-4. Approximate Draft Required for Various Combustion Rates^ 


Fuel 

Combustion rate, Ib/sq ft grate/hr 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

Anthracite: 












No. 1 buckwheat (buckwheat). 

0 06 

0.12 

0 18 

0.24 

0 32 

0,40 

0.48 

0.58 

0.67 

0 80 

0.93 

No. 2 buckwheat (rice) 

0 09 

0 16 

0 23 

0 31 

0 40 

0.50 

0 60 

0 72 

0 85 

1.00 

1.30 

No. 3 buckwheat (barley) ... 

0 14 

0 21 

0 30 

0.40 

0.52 

0 67 

0.82 

1 2 

1.5 



Bituminous coal; 












Run-of-mine. . . . 

0.04 

0.08 

0 12 

0.17 

0 21 

0.27 

0.32 

0.39 

0.45 

0.53 

0.60 

Pea 

0 04 

0 07 

0.10 

0.12 

0 14 

0 17 

0.20 

0.23 

0.26 

0 30 

0 35 

Nut 

0 03 

0 05 

0 07 

0.09 

0.10 

0.12 

0.15 

0.18 

0.21 

0.24 

0 28 


» “Fundamentals of Boiler Operation,” Combustion Efficiency, Fuel Conservation Council for War. 
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altitude of 2,500 or 3,000 ft, though the height should be increased, no increase in 
diameter is needed for practical purposes. 

Table 13-3 shows barometric pressure at different altitudes, the ratio of the pres¬ 
sures, and the value of the two-fifths power of the ratio. 



Fig. 13-4. Draft required by industrial fuel beds at different burning rates. 



Fig. 13-5. Draft required by domestic fuel beds at different burning rates. 

Where the altitudes are unusually high, the available draft required is usually 
reduced by changing the plant design, lowering the combustion rate, and increasing 
the size of the flues. If this were not done, a very large chimney would be required 
to give the desired results. 
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Example. To determine the size of chimney required at an elevation of 6,500 ft, assum¬ 
ing that a given installation requires a chimney 180 by 7 ft 6 in. at sea level and the 
available draft is to be the same: 

Normal barometer at sea level = 30.00 
Barometer at 6,600 ft = 23.65 
Ratio between pressures R = 1.269 
Height of chimney = 180 X 1.269 = 228 ft 
^ ratio = 1.1 

Diam of chimney *=7.5 X 1.1 — 8.25 ft 

At 2,000 ft, the chimney height would have been 180 X 1.076, or 194 ft, with practically 
no change in diameter necessary. 

DESIGN OF INDUSTRIAL CHIMNEYS^ 

The required height of a chimney above the grates is determined from the amount 
of required draft while the required diameter is found from the amount of gases 
generated in the boilers at the maximum expected load on the plant. 

Determination of Height.^ The basis for finding the required height is, as stated, 
the required draft, which for a natural-draft chimney is the summation of the various 
draft losses up to the point where the breeching enters the chimney, viz., the losses 
through the grates and fuel bed, boiler, breeching, turns or bends, and damper friction, 
as well as the losses through an economizer or a sudden enlargement of an opening 
where these are present. This required draft is modified in the case of a forced- or 
induced-draft system. In the forced-draft system, the fan is assumed to take care of 
the loss of draft through the grates and fuel bed, and hence the required draft is less 
by that amount. In the induced-draft system, the fan takes care of all or part of the 
losses between the ashpit entrance and the fan, and hence the required draft is the 
least in this system for the same operating conditions. 

Formulas given in the preceding section for the determination of draft are solved 
for chimney height when it is the unknowm. 

Draft Losses through Combustion Equipment. The draft loss in the flue or breech¬ 
ing depends upon its length, its cross section, the material of construction, and the 
number of bends. The smoother the inside of the flue, the straighter, and the nearer 
it approaches a circle in cross section, the less the loss at a given gas velocity. Sharp 
right-angle bends and sudden changes in area or shape of section are to be avoided, 
and all changes of direction made easily. If the chimney can be placed in the geo¬ 
graphical center of the batteries of boilers, minimum flue lengths are usually obtained. 

As a general rule, in steel flues of circular section, there will be a loss of 0.10 in. per 
100 ft of length wdth normal gas velocities. If the flues are square or rectangular 
there will be an average additional loss ranging up to 25 per cent. The latter loss 
increases as the ratio of height to width increases. If the walls are built of masonry, 
there will be a further loss unless the inside is smooth. 

The loss of draft through the boiler itself, i,e,, from the top of the fire to the point 
where the gases leave the boiler and enter the flues, depends on a number of factors 
and varies widely. Included are size and type, number of tubes and the way they are 
set, type of grate, method of baffling, and rating at which the boilers are operated. 
This loss may vary from 0.15 to 0.25 in. at rating, to 0.80 or 0.85 in. for a maximum 
of 250 per cent or more rating. It is advisable for the engineer to cooperate with the 
boiler manufacturer in determining the loss of draft to be assumed through the 
particular installation. 

With natural-draft stokers and hand-fired furnaces, there is an additional loss 
through the fuel bed, dependent upon its thickness, the kind of fuel, and the type of 
grate. There is a certain draft over the fuel bed that will give the best results for 
every combustion rate and kind of fuel. With the forced-draft type of stoker the 
1 Moynihan, John R., op. cit. Custodis, op. cit. 
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requirement is somewhat different, for the reason that the air forced through the fuel 
bed by the fans relieves the chimney of this duty. 

It is considered good practice to allow slight positive draft over the fire in all forced- 
draft installations to prevent the formation of positive pressures in the furnace. If 
this allowance is not made, there is the possibility of overheating the furnaces and 
fronts, also of objectionable gases being forced out into the boiler room. 

If economizers are used between the boilers and chimney, there is an additional 
loss in draft, due to friction through the economizer. This friction loss varies within 
wide limits, depending upon the type of economizer, the number of tubes, the length 
of tubes, and the velocity of the gases passing between the tubes. The efficiency of 
the economizer is dependent upon the gas velocity. The economizer reduces the 
temperature of the flue gases, which also materially reduces the available draft, or in 
other words affects the required height of chimney. 

Therefore, to meet heavy peak demands with economizers, the chimney should be 
of ample height supplemented with induced-draft fans to overcome all the previously 
cited losses, so that there is a constant flow of gases from ashpit to chimney. Mistakes 
have been made in the past by reducing the chimney height too much in such cases. 
This resulted in the sluggish movement of gases through the boilers and economizers 
with inefficient and incomplete burning of the fuel and disappointing results as to 
capacity. 

Determination of Chimney Diameter.^ The basis for finding the diameter is, as 
stated, the amount of gaseS generated in the boilers at maximum (capacity. The 
volume of gas Q is equal to the area of the chimney times velocity; hence 


Q = AV 

where Q — vohime of gas, cu ft 

A = area of cross section, sq ft 
V — velocity, fps 

The weight Wg of the gases equals AV times the density of the gas, dg or 


Wg = AVdg 


W, 


493 

29.92 


AVd, 


K 

a rn 

^ 0 


where Ba — Bg 

Since area A — solving the above equation for D, we have 


I) = 0.278 


4 


WoTa 

Vd'aBa 


ft 


where D ~ minimum internal diameter, ft 

dg — density of the gas, Ib/cu ft (0.0840 for flue gas may be assumed) 

B», Ba, Bg = atmospheric pressure of standard (29.92), air, and gas, respectively 
(in. Hg) 

Ta, Ta, Tg = absolute temperature (observed plus 461) at standard conditions 
(493°F), of air, and of gas, respectively 

Hence the diameter can be determined from the weight of gases generated, which 
can be closely computed from the expected coal rate. The velocity must be deter¬ 
mined or assumed (velocities as reC/Ommended by Custodis are as shown in Fig. 13-6). 
A cliange of assumption of velocity will alter the chimney dimensions. Also a 
known or assumed set of standard conditions for gas density and temperature and 
atmospheric pressure must be available as in the case of height determination. 

1 Motmihan, John R., op. cit. 



DE8I0N OF INDXJBTRIAL CHIMNEY 4^1 

Some writers have advanced the method of determining an economic velocity in 
which the product of resulting height times diameter is the least, based on the assump¬ 
tion that the cost of a chimney is proportional to the volume of material. This 
economical velo(uty can be found by assuming a number of velocities and computing 
the resulting height and diameter; then plotting a curve of velocity vs. height times 
diameter and selecting the velocity giving the least product. An expression can be 
found for this velocity by equating the product of the equations for II and Z> to HD, 
differentiating with respect to V, the velocity, and equating the result to zero. 

Inasmuch as some chimney builders are of the opinion that the cost of the stack 
varies more with height than with diameter, an alternate method of determining the 
economical velocity is suggested. This is simply to determine as the economical 
velocity that velocity resulting in the least product of diameter times height squared 



Fig. 13-6. Kecoinmended gas velocities in chimneys. {Custodia Chimneys.) 

(DH^). The velocity can be found in the same manner as outlined above and would 
result in a chimney with a little less height and a little greater diameter. 

Gas Velocities in Chimneys. For ordinary calculations, Custodis^ recommends 
the chimney velocities shown in Fig. 13-6. They may be safely used for the gas 
quantities given without undue friction losses in the chimney or prohibitive cost of 
construction. 

Chimneys with Oil Firing. While the sizes of chimneys for oil-burning boilers are 
determined in the same way as for coal, there are several reasons for the calculations 
resulting in chimneys of less height and smaller diameter. There is no fuel-bed loss; 
in fact, some types of burner have a forced-draft action. Some reduction in the 
height of the chimney is therefore permissible, but it should be borne in mind that the 
flue-gas temperatures may be lower, thus reducing the available draft. 

The height should be sufficient to furnish the draft required at peak loads and no 
more. This is much more important in the burning of oil than in the burning of coal. 
In the latter case, there is little or no chance of too much draft. With oil, great loss in 
economy may result from excessive draft during periods of light load. This is espe¬ 
cially true in plants operating with fluctuating boiler loads. Automatic control does 
much to reduce this evil. 

In proportioning chimneys for oil-fired furnaces, consideration should always be 
given to the possibility of having to turn to coal for fuel because of scarcity or prices. 


1 Loc. cit. 
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Table 13-6. Recommended Industrial Chinmey Construction^ 


Chimney type 


Design temp, 
deg F 


General recommendations for chimney and lining 


Factory chimneys. 


Chimnevs for tall 
buildings 


Corrosive fumes and 
gases 


300-800 

600-1000 

1000-1200 

1200-1500 


1500-2000 


Over 2000 


Steam boiler 
range 


Usually the 
higher the 
temp the less 
the corrosion 


Lining generally not more than ? o the height of the cliimney 
Lining need not be full length but should be increased over the 
customary 

Full sectional lining of radial brick supported on corbels at inter¬ 
vals of about 20 ft vertically. 2-in. air space between lining 
and walls 

Independent lining for full height of radial brick. Separated 
throughout by 3- to 4-in. air space. Free to expand to the top. 
Lime, sand, and cement mortar recommended for 1500 °F and 
lower rather than fire clay because of stronger bond and 
adequacy 

Independent lining of solid radial brick for full height laid up in 
fire clay with small quantity of cement. Internal steel bands 
at every change of section. Eliminate internal ladder 
As above with additional lining of best refractory firebrick in 
lower portion inside lining but not bonded to it. Under con¬ 
tinued temp over 2000°F firebrick lining will require periodic 
removal. Outside steel bands every 8 to 10 ft 
Independent brick chimneys located in fireproof shafts. May be 
within ^2 of structural steel but not touching. Any shape. 
Or outside chimneys with iilumb portion held by steel bands at 
25- to 30-ft intervals. Internal partitions may be used for 
separation of fumes and boiler gases. Partitions not bonded 
Full independent lining with 3- to 4-in. air space. Lining of 
impervious, vitrified, low-lime brick laid in acid- and moisture- 
proof mortar and pure silica sand. Well-designed corrosion- 
proof cap. Protect lightning rods. Use acidproof mortar on 
outside top 


1 Alphons Custodis Chimney Construction Co. 


Chimney Design for the Handling of Gases Other Than Carbon Dioxide 

and Monoxide^ 

Chimneys and ducts are frequently called upon to perform many varied duties in 
addition to producing draft for steam boilers. This multiplicity of duties presents 
many problems. Among them are the determination of proper chimney height, size, 
and design where they are connected to chemical plants, dye works, smelters, paint- 
color factories, silvering industries with their pickling and plating departments, the 
picture-film industry, sintering plants, celluloid factories, and innumerable industries, 
all of which are confronted with the handling of some form of acid gases. 

Many of these gases are destruc.tive to ordinary brick and mortar, steel, tile, and 
concrete. Many are destructive at certain temperatures and harmless at other tem¬ 
peratures; destructive with certain conditions of moisture, but harmless with others. 

The subject is an extremely diversified one requiring not only a knowledge of the 
mathematical and mechanical features, but a knowledge of chemistry, thermody¬ 
namics, ceramics, and subjects dealing not alone with the flow of gases, but also with 
the effects of different kinds of acid gases under different degrees of concentration and 
different conditions of moisture and temperature on a chimney. 

A chimney to handle noxious gases must be designed and built not only for adequate 
capacity and draft, but also to resist the destructive effect of the particular acid gases, 
dust fumes, and temperatures. It must also be sufficiently high to provide an area 
of dispersion of fumes and solid particles that is sufficient to reduce the nuisance value 
to a tolerable minimum (see Chap. 14 for a discussion of dispersion area of various 
particles). 

Many such chimneys are not operated in connection with steam boilers but are 

»Custodis. op. cU. 
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connected directly with roasting kilns, furnaces, and other apparatus. The smoke 
streams omitted from such chimneys contain acids in both liquid and gaseous form. 
The degree of nuisance or even danger depends entirely on the degree of concentration. 
Plants of this nature, faced with the necessary disposition of such gases, frequently 
depend largely upon such primary means of separation as cyclones, scrubbers, and 
precipitators, all of which are fully described elsewhere. However, none is successful 
in removing all the objectionable elements before entering the chimney. Further, 
some of these separation methods tend to reduce the stack temperatures materially. 
Some contribute moisture to the gas stream, increase the acid mist, and sometimes add 
to the undesirable activity of the dust and fumes. Thus cliimneys 350 to 600 ft in 
height, discharging the gases at high elevations where they become diffused and 
diluted before reaching the earth, have become common. 

Odorous Gases. In chemical or industrial plants, where the fumes are not acid, 
noxious, or harmful but yet are disagreeable in their odor, the gases are easily disposed 
of by means of a comparatively tall chimney. As the smoke stream has no destructive 
content, prec.autions against acid action are not needed. The fumes are carried to an 
altitude where their diffusion in the atmosphere greatly reduces any objectionable 
odors. 

Fine Dusts. The fine dust coming from roasting kilns, horizontal rotary kilns in 
the burning of lime, pyrites, sintering processes, etc., may also be diffused to a marked 
degree by emitting the dust-carrying stream at a high altitude. 

Of the many gases coming from these industries, such as those of the sulphur, 
nitric, chlorine, fluorine, lead, and arsenic groups, the sulphur group is the most 
frequently encountered. 

Those of the carbon group can create a smoke and cinder nuisance, but they do 
not tend to disintegrate a brick stack. 

Corrosive Gases. Sulphur trioxide, sulphur dioxide, compounds of lead, and 
arsenious oxide are noxious and objectionable. The first of these attacks to a marked 
degree common brick, ordinary mortar, concrete, and steel and cannot be discharged 
safely through an ordinary chimney designed for use in connection with ordinary steam 
boilers burning coal. 

Sulphur dioxide gas in the pure state will condense to a liquid at about 14°F. At 
any temperature above this, it remains a gas and will not combine to form a damp 
acid mist or liquid acid. If present in small quantities in the smoke stream at atmos¬ 
pheric. pressure, the condensation point is much lower. Therefore, sulphur dioxide 
has little or no effect on a bric.k chimney. Precautions must be taken, however, to 
see that the sulphur dioxide content of the smoke stream is so diluted before it 
reaches the ground that it is harmless. This is accomplished by the use of tall chim¬ 
neys and by means of auxiliary furnaces to raise the temperatures. 

Unlike sulphur dioxide, sulphur trioxide in the presence of water vapor so common 
in the smoke stream of the industries mentioned, even in extremely low concentrations, 
will combine with the water vapor and form a fog of sulphuric acid or even liquid 
sulphuric acid on the walls of the chimney. 

The temperature at which an acid gas will become an acid liquid depends largely 
upon the concentration of water vapor and acid gases in the smoke Stream. The 
greater the concentration of sulphur trioxide and water vapor the higher the tempera¬ 
ture at which the concentration will take place. The best practice is to maintain a 
temperature in the smoke stream of at least 400°F at all points. 

The fumes of chlorine and nitrous oxide under certain conditions attack common 
brick and mortar, concrete, unvitrified tile, steel, and the common metals. The 
effect of these materials, particularly in the presence of moisture and low tempera¬ 
tures, is practically the same as the effect of sulphur trioxide. A structure to stand up 
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against them should follow the same general design and use of materials as one built 
' **^0 resist the action of sulphuric acid. Disposition of chlorine and nitrous oxide fumes 

by emitting them at high altitudes is common practice. If the products of combus¬ 
tion carrying these two gases have a low temperature, auxiliary furnaces fired at the 
foot of the stack can be employed to raise the temperature, add velocity to the smoke 
stream, decrease its density, and cause it to rise to considerable heights above the 
top of the chimney. The diffusion in the atmosphere is thus more completely 
accomplished. 

Effect of Acids on Materials of Construction. A wet or damp acid smoke stream 
in contact with ordinary mortars made of cement, lime, and sand, or sand and 
cement, produces a swelling and puffing of both the bed and cross joints accompanied 
by a tremendous pressure. At times the swelling amounts to as much as 25 to 
30 per cent. 

A chemical change first takes place at the surface. The mortar becomes soft and 
of the consistency of mud. This softening and swelling finally works entirely through 
the walls, causing the brickwork to bulge and crack. Steel bands arc useless, for the 
masonry will bulge between the bands and even break the bands. If, after such 
damage, the temperatures are raised or the chimney dries out, the inner portion of the 
joints may betiome hardened but still remain swelled. If the bricks are not hard and 
impervious, the exposed portions will become soft and flake off. This process con¬ 
tinues until the entire volume of the bricks is changed into soft masses. Where the 
swelling of the joints is quite uniform throughout the circumference, irregular bulging 
of the structure may be hardly discernible. The disintegration then takes the form 
of vertical cracks, usually first at the top where the joints are thinnest and working 
downward to the base. Cracks usually increase more rapidly on the prevailing wind¬ 
ward or weather side because of increased moisture here. 

Even if acid fumes are dry, certain of them will attack ordinary mortars, turning 
the joint into a weak sandy mass. Bricks not vitrified and impervious share the same 
fate. The effect on concrete is a rapid disintegration of the whole mass. 

Acid from Fuel Oils. Acid action has been observed from the smoke stream result¬ 
ing from the burning of certain fuel oils. This is particularly in evidence where the 
sulphur content of the oil is high and steam-atomizing burners are used. In such 
installations, especially with economizers and low flue temperatures and high chim¬ 
neys, special attention should be given to design. 

Chimney Design for Acid Gases. The most important factor in handling acid 
gases in a chimney involves maintaining a high internal temperature. This often 
retards the detrimental effect on the masonary without the necessity for other 
expedients. 

If the gases are such that temperature alone is not sufficient, it is necessary to 
protect the main walls perfectly by an independent lining for the full height of the 
structure, and with a 3- to 4-in. air space between it and the main walls. The inde¬ 
pendent lining must be built of impervious, practically vitrified, brick, very low in 
lime and laid up in acidproof mortar. The thinnest possible joint is imperative. 
The bricks should be thinly buttered or dipped and struck tightly into plac.e. The 
mortar should be carefully chosen for its resistance to the particular acid involved, as 
well as being moistureproof. 

The top of the chimney should be protected by a cap covering both the lining and 
main walls, and made of a material not affected by the fumes. While room should 
be allowed for expansion, fumes and moisture must not be allowed to penetrate under 
the cap. 

As gases coming from the top of a chimney are often blown down the outside for 
distances varying from 25 to 100 ft, acid- and weatherproof mortar should be used 
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on the outside joints of the upper portion of the main wall. Common building lime 
should never be used in any part of the structure. 

It is important to protect such chimneys from the entrance of moisture during 
shutdowns of prolonged duration; otherwise acid may be formed inside. 

The use of the same chimney for fumes and gases of combustion often offers a 
practical solution to‘maintaining high temperatures and diluting the acid smoke. 

PERFORMANCE OF RESIDENTIAL CHIMNEYSi 

According to Schmitt and Engdahl, reporting upon tests conducted at Battelle 
Memorial Institute for Bituminous Coal Research, Inc., the large number of variables 
involved in the operational characteristics of a residential chimney makes an accurate 
analytical approach to the problem of chimney design almost impossible. The 
paucity of dependable design data on such chimneys would seem to substantiate this 
statement. Schmitt and Engdahl list the most important variables as the chimney 
flue-inlet temperature and the rate of gas flow. These factors include the effect of 
velocity on friction loss and on average chimney temperature. Other variables that 
must be considered as being likely to affect chimney operation are height, elevation, 
cross-sectional area and shape, type of interior surface, conductivity of wall, leakage, 
outdoor temperature and humidity, specific heat and mass of chimney, tightness of 
house, wind velocity and direction, adjacent structures, and design of chimney top. 
Additional factors which must be carefully considered, even though they do not affect 
performance, are cost and fireproofness. 

The type of fuel burned in the appliance has not been mentioned as being an impor¬ 
tant variable because the amount of flue gas emitted per Btu liberated do(^s not vary 
enough between various fuels to be of significance. In practice, however, the type of 
fuel is of consequence relative to soot formation, b(‘cause soot deposits reduce the size 
of the flue area and consequently increase the friction of the flue. 

Determination of Available Draft 

The available draft will be some function of the ideal draft and the losses from 
conduction, friction, and recirculation. Available chimney draft may be writt(*n in 
the following manner: 

Do = nDt (13-1) 

where D® = actual or available draft as distinguished from draft as calculated 
Dt ~ theoretical chimney draft as based on inlet temperature 
n = chimney efficiency 

It was found by Schmitt and Engdahl that, for a small residential chimney, 10 to 
25 ft in height, and with a cross-sectional area of 35 to 55 sq in., the chimney efficiency 
will vary only within ±10 per cent for chimneys at the same flow and temperature 
conditions regardless of friction and cooling losses; therefore, the product of the 
theoretical draft and the efficiency obtained from a previously tested chimney, at 
the desired flow and temperature conditions, will give an approximate solution for 
the unknown available draft. 

Chimney Efficiency. Since a rigidly complete solution for determining the chimney 
efficiency would be extremely unwieldy and subject to inaccuracies because of such 
factors as the assumption of various heat-transfer coefficients, friction factors, and 
other variables, Schmitt and Engdahl give us Fig. 13-7 in which efficiencies for the 
needed conditions of temperature and gas flow are shown as based upon such compari¬ 
sons with tested chimneys. 

* Schmitt, L. B., and R. B. Ehgdahl, Performance of Residential Chimneys, Heating, Piping, Air 
Conditioning, November, 1943, pp. 111-118. 
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Gas flowjb/hr 

Fig. 13-7. Chimney efficiency at various temperatures and rates of gas flow. 

Theoretical Chimney Draft 

The theoretical chimney draft, in inches of water, may be calculated from the 
following equation: 

D, = 0.2554 X BII (13-2) 

where A = theoretical draft 

B = barometric pressure, in. Hg 
H — chimney height, ft 

Ti — chimney inlet temperature, deg F absolute^ 

Ta = ambient air temperature, deg F absolute* 

Example of Calculation of Available Draft. Based upon Fig. 13-7 and Eqs. (13-1) 
and (13-2), the actual or available draft would be calculated as follows for a typical 
example: 

Assuming chimney height of 13 ft; inlet temperature, 205°F; flow, 270 lb of gas per 
hr; ambient air, 60°F; and barometric pressure, 29.92 in. Hg. 

The theoretical draft as calculated from Eq. (13-2), is 

Dt = 0.2554 X 29.92 X 13(^20 - Kes) or 0.0415 in. water (l3-2a) 

From the curve in Fig. 13-7, the chimney efficiency is found to be 

n == 0.60 

Substituting Dt and n as determined above in Eq. (13-1), we find the available or 
actual draft to be 

Da = 0.60 X 0.0415 or 0.0249 in. water (13-26) 

In this particular example, actual test results as obtained by Schmitt and Engdahl 
showed an available draft of 0.0239, for an error of only 4.2 per cent. 

Determination of Gas-flow Rate 

Where the per cent CO 2 and the fuel rate are the only .known factors, a sufficiently 
accurate determination of the gas-flow rate may be had from the lower part of Fig. 
13-8, and the problem worked as just described. 

1 Fahrenheit absolute equals temperature above zero, or as read, plus 460®. 

* Ambient air temperature equals difference between indoor and outdoor temperature. (Add 460® 
to convert to Fahrenheit absolute). 
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A Graphical Calculation of Available Draft {Example of Use of Fig, 13-8.) Fig¬ 
ure 13-8 is a graphical presentation of the available chimney draft over a wide range 
of flows for a standard 13-ft brick chimney with an 8 by 8 (nominal size) flue liner. 
Using performance values of a heating unit at full rating, it is possible to determine 
from this graph whether the chimney is adequate for the particular heating unit 
attached to it. By entering the chart at percentage CO 2 , moving vertically to the 
curve representing pounds of flue gas per pound of fuel, then horizontally to the fuel 
rate, and vertically to the chimney inlet temperature, the available draft may be 
determined. The use of the chart can best be illustrated by the use of an example. 



Fig. 13-8. Graphical evaluation of the available chimney draft from percentage CO 2 , fuel 
rate, and chimney inlet temperature. [Plotted to apply to nominal 8- by 8-in. by 
654) chimney, 13 ft high, burning high-volatile bituminous coal. Barometric pressure 
assumed 29.92. For chimneys of other heights, obtain solution from above charts and 
proportion to new height.l 


Example: Given 10 per cent CO 2 , fuel rate 10 lb of coal per hr, and a chimney inlet 
temperature of 400°F. It can be seen that, by plotting these values on the chart as 
described, there will be an available chimney draft of approximately 0.056 in. water. 
The margin of capacity is obtained by comparing this draft with the rated draft of the 
appliance. 


Variables Affecting Chimney Performance 
Chimney Construction. Based upon tests with both tile-lined and vitreous- 
enameled chimneys, both insulated and uninsulated,^ Schmitt and Engdahl concluded 
that chimney efficiency varied only slightly with the various chimneys tested and was 
not greatly affected by the materials^ or type of construction. The cross-sectional 

1 All chimneys tested by Schmitt and Engdahl were 13 ft high and were 6^ by 6^Ji (nominal 8 by 8) 
in. inside for the brick constructions, and 7 in. inside diameter for the vitreous-enameled chimney. 
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area did have some effect on the efficiency, but only insofar as it affected the friction 
and recirculation losses. 

Chimneys other than the conventional brick type include those made of light¬ 
weight less expensive materials, such as asbestos cement, enameled steel insulated 
with rock wool, enameled tile, or other fireproof materials. Aside from any considera¬ 
tions of performance, the brick chimney does have the advantage, of being recom¬ 
mended in the building code of the National Board of Fire Underwriters,^ for oil-, 
gas-, or coal-fired equipment; whereas, at the present time, few of the lightweight 
chimneys have been approved for all three types of fuel. 

Achenbach and Cole® reached similar conclusions in tests of 14 chimneys, each 
15.5 ft high, and constructed of such materials as brick, shale-tile, cinder-concrete 
block, and enameled metal. They reported that a chimney with an enameled-steel 
lining surrounded by 1 in. of granular insulating material produced slightly more 
draft than a refractory-lined chimney of the same internal diameter at low rates of gas 
flow (20 cfm), but no appreciable difference was apparent at higher gas-flow rates. 
The chimney friction was practically the same for the 7-in.-diameter metal lining and 
the 7-in.-diameter refractory lining when both were clean. 

Effect of Cross-sectional Shape. Achenbach and Cole further found that a 7-in. 
round flue lining is not the equivalent of a 7- by 7-in. square lining in capacity, as had 
heretofore been assumed. The available draft increased successively in the 7- by 7- 
in. square liners as the gas-flow rate was increased from 20 to 70 cfm, whereas it 
increased slightly in the 7-in. round liner for increasing flow from 20 to 45 cfm and 
decreased between 45 and 70 cfm.® The friction loss was measurably greater in the 
7-in. round flue linings at a gas-flow rate of 70 cfm than in the square liners. 

A 10-in.-diameter flue liner and a 7- by 11-in. rectangular liner, having equal 
internal areas, produced about the same available draft, had about the same loss of 
draft duo to friction, and had equal effectiveness under comparable conditions. 

Effect of Two Adjoining Flues. In a chimney containing two contiguous liners, 
one liner operating alone while the other was open at the bottom, 10 to 15 per cent 
less draft was produced than in a chimney containing only one liner of the same size. 
When both liners were in operation, receiving flue gas at the same temperature, each 
produced a draft nearly equal to that produced by a chimney with only one liner. 

Effect of Sealing the Bootleg. Sealing off the air space in the base of a new well- 
constructed chimney at the bottom of the thimble had no important effect on the 
draft produced. 

Effect of Air Space in Chimney Wall. Two chimneys were compared, identical in 
every respect excepting that the 3^^-in. space between the tile lining and outer brick 
was grouted with cement mortar in one and was left open, or filled only with air, in 
the other. It was found that the presence of the air space instead of mortar surround¬ 
ing the lining had no effect at all on the chimney operational characteristics. More¬ 
over, there seemed to be no appreciable insulating value in the air space. From a 
mechanical standpoint, therefore, the standard grouted-liner construction is prefer¬ 
able, since it holds the liner in place if it becomes cracked. 

Effect of Higher Rates of Gas Flow. When the flow of gases is increased beyond 
approximately 200 lb per hr, to simulate chimney operation with stoker equipment, 
both the draft and efficiency were found to decrease. This effect is to be expected, as 
the friction loss in a duct increases aS the square of the rate of flow. It emphasizes 
the fact, however, that the comments and efficiency curves included in this section 

1 The National Board of Fire Underwriters, Building Code, 1943, Sec. 1101, p. 186. 

* Achenbach, Paul R., and Seldon D. Cole, “Masonry Chimneys,*’ ASHVE annual meeting, 
Chicago, 1949. 

> Gas-flow rates of 20, 45, and 70 cfm correspond to fuel-oil burning rates of 1, and IK Spht 
respectively. 
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should bB restricted to small residential chimneys, 10 to 25 ft high, and having a cross- 
sectional area from 36 to 55 sq in. 

Effect of Changes in Direction or Area. Weske^ has shown that, for elbows of 
more than 30-deg angle of bend and of small radius ratio, separation of the gases 
occurs, frequently accompanied by a reversal of flow; whereas a region of eddying 



Inlet temp Inlet temp 

(A) Rate of flow 20 CFM (B) Rate of flow 40CFM 

Fia. 13-9. Chimney draft balance plotted against temperature for two rates of gas flow 
(8 by 8, nominal, 13-ft-high chimney). {SchmUt & Engdahl.] 


flow near the inside wall of curved ducts is always encountered. The chimney-tem¬ 
perature surveys and the work being done by Weske show that undoubtedly reversal 
of flow, or recirculation of gases, takes place at such points. This results in sharp 
reductions in the gas temperatures at these points, to introduce a discrepancy in 
calculations. 

A common point of such occurrence is where the flue pipe enters the chimney proper. 
A sudden change in cross-sectional area may also be of importance. An enlargement 

of the horizontal flue or vertical chimney flue may 
result in added reversal of flow (recirculation) 
because of the decrease in the velocity of the 
gases; while a decrease in cross-sectional area 
would cause an increase in the frictional losses 
and possibly some recirculation before the 
restriction. 

Recirculation of the flue gases within the 
chimney and flue pipe has been found to have 
considerable effect on the cooling and friction 
losses. The effect of such recirculation decreases 
as the rate of flow increases. 

Effect of Friction Loss. It has been found 
from previously published data on friction factors 
in roughened pipes^ that the friction factor would, 
regardless of roughness, approach a maximum of 
0.016, a value that is also recommended for chimneys in the ASHVE Guide. However, 
Schmitt and Engdahl found the actual measured friction losses to be much greater 
than the calculated theoretical, which they attribute to eddies and recirculation. 

1 WssKE, J. R., Experimental Investigation of Velocity Distributions Downstream of Single Duct 
Bends, N AC A Tech. Note 1470. 

* Nikuradbe, J., Stromungsgesetze in rauhen Rohren, VDI Forachungshefl, 1933, p. 361. 




Flow during gust of wind 

Fig. 13-10. Air flow over a build¬ 
ing and chimney. 
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However, while at least some recirculation was noted throughout the entire length of 
the flue and chimney, particularly at low rates of flow, calculation for residential 
chimneys is considered virtually impossible. This thus forces the use of the empirical 
relationships described earlier in this section. , 



Fi(3. 13-11. Draft variation with change in angle of wind, with and without chimney top 
or ventilator. 


Wind Effect on the Chimney Top. The varying effects of wind upon a chimney 
have always been a troublesome problem, inasmuch as air flowing over and around a 
building creates many eddies and vortexes which may affect the chimney draft to a 
considerable extent. These effects may be from either ram pressure upon the chimney 
itself or from the increase or decrease of the pressure 

around the house because of the changing velocity of the —^ — 

air stream as it flows over the dwelling. To avoid areas i r—' ^ - 1 i 

of turbulence, it is frequently recommended that the top ) \ I V. 

of a chimney be at least 1 ft above the ridge of the house / \ 

or 1 ft above the top of any nearby structures or sur- \ *N ^ / 

rounding objects. A chimney top only as high or below i |_ _ | 1 

such wind-deflecting objects may well be in the region _ ^ ^ 

of turbulence, and the result may be a marked decrease 

. If. Section A-A 

in draft. 

As a theoretical example of this point, a 40-mph wind 
hitting the top of a chimney from an angle 30 deg above 
the horizontal plane of the chimney top (angle of attack) 
will create an increase in pressure of over 0.10 in. water. 1 

As this is as compared with an available draft of some ^ ^ 

0.09 in. 'vwater for a 15-ft chimney, it is apparent that | ] 

the resultant effect upon draft would be quite serious. 

Chimney Ventilators or Caps. As in many cases it is 
impractical to carry the top of a chimney above the 
tallest nearby structure or tree, several types of chimney 

caps or ventilators are offered in an effort to cancel the I III I 1111 

downdraft effect of such winds. One such ventilator, 

of a design as shown in Fig. 13-12, was included in the - 

report of Schmitt and Engdahl. VTiile they were Fig. 13-12. Chimney yenti- 

unable to substantiate the manufacturer's claims of an l^tor. {Breidert Air-X- 

BausteTf L/os AT^eLes,) 

actual increase in draft, they did report that a chimney 

ventilator, as properly installed and maintained, may be expected, in a majority of 
cases, to counteract the wind to a considerable extent. They caution, however, that 
they are not a cure for all cases, especially where the draft is poor, or where the 
production of soot can clog the cap. 


Fig. 13-12. Chimney venti¬ 
lator. {Breidert Air-X- 
HausteTt Loa Angeles,) 
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Vifi of chimney too' 
iow,shouk/extend 
above top of roof and 
surrounding trees ^ 
Chimney height in- / 
sufficient to develop 


Joist protruding in' 
chimney, restricts area 
and constitutes serious 
fire hazard 



Poor design and' 
construction of off- " ' J 
set causes draft loss 
Fireplace 
Air leaks around 
pipe . 

Pipe projectslnto N 
chimney 


Furnace pipe too 
tong fitted with soot 
ana slants down 


Cap on top obstruct 
draft,encourages 
nesting birds 
in the 
brickwork 


^Missing brick in 
division wail 

\-Brick wedged in 
the chimney 
T Chimney needs 
cleaning 

n joints allow 
leak age 

•Deposit of dirt and 
soot obstructs the 
flues 

Throat of fireplace 
too narrow causes 
smoking 


Flue outlet not 
dosed 

-Cleanout door 
loose 


Chimney top high 
enough to extend 
above top of roof 
and surrounding 


^^-^^JOists free 
^ from chimney, 
chimney should not 
be used to support 
building 


Fig. 13-13. Causes of poor draft. 


Free discharge 
of flue gas 

Mortar joints 
pointed 

THe lining in 
all flues - —*' 

Division wall 
complete 


Joints of flue lining 
smooth and tight with 
adjacent flue joints^ ^ 
staggered - - ' ^ 


Fireplace throat fuS- 
width prevents smoking\ 


Furnace 


Short fum 
ace pipe, 
upward slant, 
dampers in 
properorder' 

Cleanout - - 
door tight 

Fig. 13-14. Requirements for good draft. 



A ^Chimney offset 


Pipe connection 
^ flush with flue, 
frop ^ jointsealed 
'' AH Rue outlets 

^ dosed 



Chimney entrance temp, deg F 

Fig. 13-15. Typical chimney entrance characteristics with an anthracite-fired boiler. 
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Table 13-7. Draft Expectancy of Domestic Masonry Flues^ 

(Nominal 9 by 9 in. or 9 by 12 in.« Figures in body of table show probable draft in inches of water) 


Burning \]4 Kal oil/hr at 8% CO 2 , Burning M gal oil/hr at 10% COa, 

67.5 cfm, or 5.06 Ib/mm flue gas 18.4 cfm, or 1.38 Ib/min flue gjas 


Temperature 
of inlet gas 
above atmos- 


Stack height, ft*» 


pheric, deg F 



15 

20 

25 

30 

35 

15 

20 

25 

30 

35. 

200 

0 056 

0 

079 

0 

098 

0 112 

0 118 

0 044 

0 068 

■0 080 

0 080 

0.960 

400 

0 076 

0 

104 

0 

132 

0 152 

0 170 

0 062 

0 092 

0 109 

0 120 

0 136 

600 

0 086 

0 

120 

0 

154 

0 180 

0 202 

0 071 

0 104 

0 128 

0 144 

0.164 

800 

0 093 

0 

135 

0 

172 

0 205 

0 222 

0 076 

0 112 

0 144 

0 162 

0.190 

1000 

0 100 

0 

144 

0 

196 

0 228 

0.245 

0 080 

0 120 

0 162 

0 182 

0.215 


1 Data based on tests reported in 1947 ASHVE Guide, pp. 368, 369. 

“ Actual inside dimensions of flue linings are 7^^ by 7>4 in. and 6H by 11 in., respectively. 
Height above cellar floor. Drafts corrected to 32°F outside. 


MECHANICAL DRAFT 

Centrifugal Fans.^ Centrifugal or radial-flow fans have three fundamental blade 
shapes, the forward-curved, the radial (no longer used in power-plant application), 
and the backward-curved (Fig. 13-16). These types have variations which may be 
obtained by modification of the proportions or change in the curvature and angularity 



of the blades. The angularity of the blades determines the operating characteristics 
of a fan; a forward-curved blade is found in a fan having slow-speed operating char¬ 
acteristics (generally used for induced draft), while a backward-curved blade is found 
in a fan having high-speed operating characteristics (generally used for forced draft). 

Blade-tip-velocity Diagrams. The blade shape and angle determine the form of 
the vector diagram at the tip of the blade. Shown in Fig. 13-16 are vector diagrams 
for the fundamental blade shapes. In this diagram, R is the radial velocity of the 
air from the tip of the blade, T is the blade tip speed, and S is the velocity of the air 
relative to the casing. 

For example, the vector diagrams for the three blade types are all drawn having the 
same tip speed T. Since the rotors are all the same diameter, they are all rotating at 
the same rpm. For this condition, the velocity <S, relative to the casing of the forward- 
curved blade, is seen to be the largest of the three types. This is due to the angularity 

1 ASHVE Guide, Chap 17, pp. 281-289, New York, 1935. 
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Table 13-8. Relative Characteristics of Centrifugal Fans^ 


Blade shape. 

Backward- 

curved 

Radial 

Forward- 

curved 

First cost. . 

High 

Medium 

Low 

Efficiency. 

High 

Medium 

Low 

Stability of operation 

Good 

Good 

Poor 

Space required.. . 

Medium 

Medium 

Small 

Tip speed. 

High 

Medium 

Low 

Resistance to abrasion . 

Medium 

Good 

Poor 

Ability to handle sticky materials. 

Medium 

Good 

Poor 


1 “What We Make,” Catalog 500, p. 128, B. F. Sturtevant Co., Boston, 

Table 13-9. Fan Motor Selection Charts 


Typo of motor 

Hp range 

Starting 

torque 

Speed 

Advantages 

Disadvantages 

Single phase: 






Resistance split phaso. 

Up to i i hp 

Medium 

Constant 

Low first cost 

High starting cur¬ 
rent, apt to be 
noisy 

2-value capacitor 

Up to 10 hp 

Good 

Constant 
or vari¬ 
able 

Good starting and 
running charac¬ 
teristics 

High first cost 

Single-value capacitor 

Up to 1^^ hp 

Low 

Constant 
or vari¬ 
able 

Good running 
charactenstios 

Not suited for belt 
drive 

Capacitor start, induc¬ 
tion run 

Up to \ yi hp 

Good 

Constant 

Good starting 
characteristics. 
Low cost 

Fair operating 
characteristics, 
apt to be noisy 

Repulsion induction 

Up to 10 hp 

Good 

Constant 

Good starting 
characteristics 

Fair running 
characteristics. 
Commutator, 
brushes, and cut¬ 
out to service 

Polyphase: 






Squirrel cage. 

All sizes 

Good 

Constant 

Rugged, simple 
construction, low 
cost, normal 
torque, normal 
start current or 
normal torque. 
Belt or direct 

Speeds fixed by 
number of poles 
and frequency 

Slip ring. 

1 hp 

Good 

Variable 

Good starting 
characteristics. 
Speed may be 
varied 

Higher first cost. 
Slip rings and 
brushes to service 

Multispeed variable 
torque 

All sizes 

Variable 

2 or 4 de¬ 
pending 
on wind¬ 
ings 

Good operating 
characteristics 
on fan load 

Low torque on low 
speeds. Not 
suited to belt 
drive 

Multispeed constant 
torque 

All sizes 

Constant 

2 or 4 de¬ 
pending 
on wind¬ 
ings 

Suited to belt 
drive 

Poor operating 
characteristics on 

1 fan load 

Direct current: 






Senes. 

All sizes 

Good 

Variable 

Speed character¬ 
istics adaptable 
to many uses 

Cannot be used on 
belt drives 

Shunt and compound. 

All sizes 

1 

Good 

Constant 
or vari¬ 
able by 
control 
control 

Adjustable speed 
by field control. 
Variable speed 
by armature con¬ 
trol. Either belt 
or direct 

Relatively expen¬ 
sive and higher 
cost of mainte¬ 
nance 


1 B. F. Sturtevant Co, BvXl. 500. 
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of the blade. If the three blade types all had the same casing, the forward-curved 
blade would deliver the greatest amount of air under these conditions. 

Characteristics Curves. In the operation of the fan at a fixed speed, the static 
and total efficiencies vary with any change in the resistance which is imposed. With 
different designs, the peak of efficiency occurs when the fans deliver different percent¬ 
ages of their wide-open capacity. Variations in efficiency accompany variations in 



Fig. 13-17. Operating characteristics of a fan with blades curved forward. {ASHVE 
Guide, vol. 13, p. 286.) 

pressure and power consumption which are characteristic of the individual designs and 
which are influenced particularly by the shape and angularity of the blades. Such 
variations in pressure, power, and efficiency are shown by characteristic curves in 
Figs. 13-17 and 13-18. 

The forward-curved blade, commonly used in induced-draft application in power 
plants, has a low peripheral speed and a large capacity. The point of maximum 
efficiency for this fan occurs near the point of maximum static pressure (Fig. 13-17). 



Fig. 13-18. Operating characteristics of a fan with blades curved backward. {ASHVE 
Guide, vol. 13, p. 287.) • 

Because of the shape of the pressure curve, it is possible to have two different volume 
outputs for the same pressure. The selection of the forward-curved-blade fan is 
usually based on the characteristics of the static-pressure curve to the right of the 
peak. Since the power curve rises continually from low to peak capacity, there is 
danger of overloading the motor. 

The radial blade (paddle wheel) (Fig. 13-19), no longer used in power-plant work, 
finds application where the gases contain foreign material, fumes, and vapors. This 
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type of fan has a good efficiency, but the power steadily increases as the static pressure 
falls off, with resultant danger of motor overloading. 

The backward-curved blade, commonly used for forced-draft application in power 
plants, operates at a high peripheral speed. The pressure curve (Fig. 13-18) begins 
to drop at very low capacity and continues to fall rapidly to full outlet opening. The 
steep pressure curves tend to produce constant capacity under changing pressures. 
Where wide fluctuations in demand occur, this type of fan is desirable to prevent 
overloading of motors. The maximum power requirement occurs at about maximum 
efficiency. Consequently, a motor selected to carry the load at this point will be of 
sufficient capacity to drive the fan over its full range of capacity at a given speed. 

Parallel Operation. ^ Two or more fans operating on a single duct system must 
have suitable characteristics for such operation and be properly selected as to point of 
operation. Parallel operation requires that the sum of the outputs of the fans equal 
the duct capacity and that this equality exist for only one set of conditions. 



Fig. 13-19. Performaiicje of radial-blade fan. {Cochrane Handbook, Srd ed,, p. 228.) 

With proper selection, fans having the characteristic curve shape similar to the 
backward-curved blade are usually successfully paralleled. Successful parallel opera¬ 
tion is possible even with the forward-curved-blade fan, but only at a sacrifice, as the 
region of output for this type of operation is the region of low efficiency. 

When two fans are installed on one duct system, the reliability of partial load opera¬ 
tion with one fan in the event of the failure of the other unit is usually of importance. 
With a self-limiting horsepower fan (see characteristic curves. Fig. 13-17 to 13-19) 
there is no possibility of overloading the driving motor. With other types of fans, the 
excess load with single-fan operation on a parallel system must always be considered 
in selecting motors. 

Performance of Fans.* Fans of all types follow certain laws which are useful in 
determining the effect of changes of operation. These laws, applying to installations 
comprising any type of fan, any given piping system, and constant air density, are as 
follows: * 

Constant Air Density, 

Law 1. The air capacity varies directly as the fan speed. 

Law 2. The pressure (static, velocity, and total) varies as the square of the fan 
speed. 

Law 3. The power varies as the cube of the fan speed. 

1 Haobn, H. F., Centrifugal and Propeller Fans, in “Mechanical Engineers’ Handbook,” edited by 
L. S. Marks, 4th ed., pp. 1954, 1955, McGraw-Hill Book Company, Inc., New York, 1941. 

sASHVE Guide, loc.cit. 
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Table 18-10. Representative Capacities of Direct-drive Centrifugal Fans^ 

(Wjth 60-cycle or d-c motors) 


Speed, 

rpm 

Mfrs.’ 
size No. 

Motor 

hp 

Wheel 

diam, 

in. 

Static pressure, in. 1120 at 70°F and 29.92 barometer 

Free 

H 

A 

H 

A 

H 

H 

1 

American Blower Co. ** Sirocco “ Series 

1,750 

0-T 

Ho 

4H 



115 







1-A 

K 

6 



460 


388 


293 



IH-A 

y4. 

^A 



995 


905 





IK-A 

H 

7A 







805 

705 


IH-A 


9 



1,830 


1,730 


1,620 

1,470 


m-A 

3 

lOH 



3,030 


2,915 


2,800 

2,680 

1,150 

IK-A 

H 

7A 



578 


410 





1>2-A 


9 



1,125 


910 


685 



l^^A 

1 

lOA 



1,910 


1,728 





l?i-A 


10>2 







1,460 

1,180 


2-T 

VA 

12 



2,100 


1,875 


1,760 

1,650 


2-A 

lA 

12 



2,700 


2,500 


2,370 

2,200 

860 

2-T 

A 

12 



1,400 


1,250 


1,000 



2-A 

A 

12 



1,930 


1,660 


1,260 



2]4-T 

2 

15 



3,060 







2>2-T 

VA 

15 





2,700 


2,550 

2,200 


2H-A 

lA 

15 





3,970 


3.350 

2.900 


American Blower Co. direct-drive “utility sets”* 


1,725 

4511“ 

Ao 

4A 

171 

146 

114 







60H« 

A 

6 

476 

457 

433 

402 

357 

310 

257 



7511“ 

H 

7A 


897 

874 

842 

805 

759 

704 

589 


9011“ 

lA 

9 


2,130 

2,095 

2,050 

2,010 

1,970 

1,915 

1,793 

1,140 

60M« 

Ao 

6 

305 

268 

210 







75M“ 

A 

7A 

609 

573 

518 

433 

335 





90M« 

A 

9 

1,430 

1,380 

1,315 

1,240 

1,145 

1,044 

941 



105M« 

1 

lOA 

2,300 

2,240 

2,201 

2,095 

2,002 

1,883 

1,761 

1,550 


122M“ 

2 

12A 




3,268 

3,182 

3,013 

2,948 

2,737 

860 

90L« 

A 

9 

1,090 

1,015 

905 

775 

609 





105L“ 

A 

10^2 

1,730 

1,648 

1,536 

1,396 

1,266 

1,086 




122L“ 

H 

12A 




2,272 

2,176 

1,982 

l,855i 

1,476 

2,850 

30H 

As 

3 

83 

74 

59 

46 






« Ratings and model numbers shown are as for steel housinj?8. Corresponding cast-iron housed 
models having capacities from 0 to 5 per cent lower are also available with the following model number 
changes: 60 = 1, 75 = m, 90 = 105 = 


Buffalo Forge Co., direct-connected “Baby” Vent Sets 
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Table 18-10. Representative Capacities of Direct-drive Centrifugal Fans^ 

{Continued) 


Speed, 

rpm 

Mfrs.’ 
size No. 

Motor 

hp 

Wheel 

dium, 

in. 

Static pressure, in. 

H 2 O at 70®F and 29.92 barometer 

Free 

K 

K 

% 

>z 

% 

K 

1 



Buffalo Forge Co. ‘ 

Limit Load” Vent Sets** 




1,750 

2 


12 



1,822 

1,755 

1,683 

1,615 

1,540 

1,379 


2M 


13K 



2,640 

2,580 

2,480 

2,405 

2,330 

2,155 


2H 

IK 

15 



3,025 

3,550 

3,455 

3,365 

3,270 

3,090 


2H 

2 

16K 



4,900 

4,810 

4,715 

4,625 

4,535 

4,340 


3 

3 

18 



6,400 

6,300 

6,200 

6,100 

6,000 

6,780 

1,150 

2 

H 

12 



1,077 

964 

828 

662 

417 



2K 

K 

13K 



1,600 

1,480 

1,350 

1,195 

1,000 



2H 

M 

15 



2,260 

2,120 

1,985 

1,830 

1,660 

1,230 


2n 

yi 

16K 



3,060 

2,900 

2,750 

2,600 

2,425 

2,040 


3 


18 



4,040 

3,900 

3,720 

3,550 

3,380 

3,000 



Hz 

20 



5,630 

5,420 

5,290 

5,110 

4,925 

4,530 



3 

22yi 



7,815 

7,620 

7,430 

7,230 

7,030 

6,625 


4 

5 

24H 



10,500 

10,350 

10,175 

10,000 

9.780 

9,400 


4M 

7K 

27 



14,220 

14,020 

13,820 

13,620 

13,420 

13,020 

860 

2 

Ho 

12 



665 

435 






2H 

Hz 

13K 



1,050 

850 

542 





2K 

H 

15 



1,530 

1,325 

1,075 

725 




2n 

H 

16K 



2,115 

1,890 

1,650 

1,360 

1,010 



3 

H 

18 



2,840 

2,620 

2,370 

2,090 

1,750 

747 


31i 


20 



4,000 

3,760 

3,510 

3,240 

2,930 

2,200 


Vi 

1 

22K 



5,620 

5,340 

5,080 

4,800 

4,485 

3,840 


4 

IK 

24K 



7,600 

7,390 

7,140 

6,870 

6,585 

5,910 


4*2 

3 

27 



10,400 

10,100 

9,870 

9,560 

9,270 

8,540 


1 As compiled from manufacturers’ cataloRues. 

^ Width of single-width wheels follows: No. 2, No. 2>^, No. 2^2. No. 2^, 7 Kb; 

No. 3, SKe; No. QHo; No. 3?^, 10^6; No 4, ll^e; No. 4>2, 12>i. 


Example 1. A certain fan delivers 12,000 cfm at a static jiressure of 1 in. water when 
operating at a speed of 400 rpm and requires an input of 4 hp. If in the same installation 
15,000 cfm are desired, what will be the speed, static pressure, and power? 

Speed = 400 X = ^00 rpm 

Static pressure = 1 X = 1.56 in. 

Power = 4 X = 7.81 hp 

Variable Air Density, When the density of the air varies, the following laws apply: 
Law 4. At constant speed and capacity, the pressure and power vary directly as 
the density. 


Example 2. A certain fan delivers 12,000 cfm at 70°F and normal barometric pressure 
(density = 0.07495 lb per cu ft) at a static pressure of 1 in. water when operating at 400 
rpm, and requires 4 hp. If the air temperature is increased to 200°r (density = 0.06018 
lb per cu ft and the speed of the fan remains the same, what will be the static pressure and 
power? 


Static pressure = 1 X 
Power = 4 X 


0.06018 

0.07495 

0.06018 

0.07495 


0.80 in. 
3.20 hp 


Variable Air Density^ Constant Pressure. 

Law 6. At constant pressure the speed, capacity, and power vary inversely as 
the square root of the density. 
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Example 3. If the speed of the fan of Example 2 is increased so as to produce a static 
pressure of 1 in. water at the 200®F temperature, what will be the speed, capacity, and 
power ? * 


Speed = 400 X 




07495 


06018 


= 446 rpm 


Capacity = 12,000 X = 13,392 


Power = 4 X 




1.07495 


06018 


= 4.46 hp 


cfm (measured at 200®F) 


To use - connect CFM of A to static 
pressure of B to locate intersection 
on pivot line C. Connect Cto efficiency 
of D, to find horsepower of E. 

A 

3000n 


E 


0.7 n 


B 


0.6 



2000 - 
1900* 
1800- 
1700- 
1600- 
1500- 
^ 1400H 
? 1300- 

I 1200- 
I 1100- 
I 1000- 

^ 900- 
0 ) 

0) 

o 800- 
X) 

^ 700H 


600H 


500H 


0 

65 

60 c 

<D 

55 .9 
1-50 ^ 


400-* 


0.3 


0 . 2 - 
0 19- 

I 0.18- 

& 0 17- 

5 0.16- 

o - - 

I 


0 15 
0.14-J 
0.13-; 

0.I2H 

0.1 H 

0.10- 

0.09- 

0.08- 

0.07- 


o 

I 

+1 


•0.5 


0.06-* 

Fig. 13-20. Calculation of fan horsepower. (Small fans, 400 to 2,000 cfm.) 


Variable Air Density^ Constant Weight of Air. 

Law 6. For a constant weight of air: (a) The speed, capacity, and pressure vary 
inversely as the density. (6) The horsepower varies inversely as the square of the 
density. 

Example 4. If the speed of the fan of the previous examples is increased so as to deliver 
the same weight of air at 200®F as at 70°F, what will be the speed, capacity, static pressure, 
and power? 
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Speed 


‘ 400 X ” = 498 rpm 


Capacity = 12,000 X 
Static pressure = 1 X 


0.06018 
0.07495 


0.06018 
0.07495 


= 14,945 cfm (measured at 200 ®F) 


0.06018 


1.25 in. 


Power = 4 X ( 5 ^)’ = 6.20 hp 

Fan Horsepower. The horsepower required to drive a fan can be calculated from 
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Calculation of fan horsepower. ( 1,000 to 10,000 cfm.) 


the following expression: 


Hp 


0.000157 XQXP 
fan efficiency 


where Q = quantity of air flow, cfm 
P pressure, in. water 

A nomograph, for the solution of this expression, is given in Figs. 13-20 (small fans) 
and 13-21 (larger fans). 
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If the volume of air required for a given installation is not known, this can be secured 
approximately from Fig. 13-22, as cubic feet of air required at 80°F per pound of coal 
fired, knowing the CO 2 reading, the type of coal, and its heating value per pound. 

Figure 13-23 is a volume-conversion chart which gives the increase of volume of 
gases with elevated temperatures with no pressure change. 

To use -connect COg reading of A to type of 

coal of B to find excess air percent of C. connect 

C to Btu /pound of 0 to locate cubic feet of air 

at 60^ F per pound of coal of E. q 



Fig. 13-22. Approximate volume of air at 80®F required for anthracite or bituminous coal 
for varying CO 2 percentages. 



Initial temp, deg F 
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lb use- connect Initial temp of A, to final temp of B,andl locate 
volume multiplier of C. 

Exomple - what Is the volume of 10cu ft of gos when heoted 
ffoml20*Fto700®F? 

The volume multiplier from the chort Is 2 00. Hence the B 



Fio. 13-23. Volume change of gascH with temperature only—no change in pressure. 


Final temp, deg F 
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THE FORMATION AND PREVENTION OF SMOKE^ 

All methods of burning coal constitute a two-stage process, more readily recognized 
when coal is burned on a grate, in which the volatile matter is expelled and burned 
rapidly, if at all, above the fuel bed. The remaining solid fuel is burned more slowly, 
usually in the form of coke (except in the case of anthracite which does not coke). 

When the volatile matter in coal is not properly and intimately mixed with oxygen, 
the hydrocarbon molecule is “ cracked into carbon and hydrogen, the latter burning 
to water while the former passes through the boiler and up the stack in finely divided 
particles of carbon, or “smoke.” 

This smoke is “carbon black” and is practically noncombustible except under 
favorable circumstances, such as high temperature and an atmosphere rich in oxygen. 

In general, the amount of smoke is proportional to the percentage of volatile matter. 

The method of burning coal on a grate is better adapted to the efficient combustion 
of the solid portion, as it is mechanically supported for a sufficient time to effect 
almost complete combustion under conditions which permit the regulation of the air 
supply to the rate of burning and the thickness of the fuel bed. However, in surface 
firing (on grates), the volatile matter is released in an atmosphere deficient in oxygen, 
which needs to be supplemented by the introduction of air above the fuel bed. Its 
combustion must be effected quickly or not at all; consequently, conditions which 
favor its combustion include a furnace large enough to permit thorough mixing with 
air and time enough for combustion before it reaches colder parts of the boiler, pro¬ 
vision for the introduction of air in quantities and places where it is needed, and a 
relatively high furnace temperature. None of these conditions except the supply of 
air, is necessarily a requisite for burning the solid portion of the fuel; none, except 
primary air, necessarily applies to anthracite which, by reason of its low volatile 
content and the absence of unsaturated hydrocarbons, does not smoke. 

Many furnaces provide insufficient space and inadequate means of introducing 
properly distributed overfire air. Many such plants are also operating at low combus¬ 
tion rates with correspondingly low furnace temperatures, with the result that a 
considerable portion of the volatile matter escapes unburned. This causes some loss 
of heat, and the emission of smoke. In such plants, the percentage of volatile matter 
is of major importance in coal selection, the degree of importance depending upon the 
design and operating conditions of the plant, and the desirability of avoiding smoke. 

The Control of Smoke on Mechanically Fired Equipment^ 

Underfeed Stokers. The efficiency and smokeless operation of underfeed stokers 
depends on close adjustment of the rate of fuel and air feed. With these, properly 
proportioned combustion should be highly efficient and practically smokeless, provided 
only that the conditions of design, such as furnace volume, are correct. 

When underfeed stokers offend from the smoke standpoint, it is usually due to con¬ 
ditions brought about by the start-and-stop method of operation; in such cases, 
smoke will be greatly reduced by adjusting the stoker so that its operation will be as 
nearly constant as possible. 

Dense smoke is given off during the period when the fuel bed is being worked or 
broken up; also when the stoker is stopped as by a pressure switch. In the latter case, 
smoke is due to the fact that, when the stoker fan stops, distillation of gases continues 
with insufficient air for their combustion. 

Since all the air requirements are supplied by the forced- (and induced-) draft fans, 

1 Gould, G. B., “Symposium on Significance of Tests of Coal,” ASTM, Vol. 37, Part II, p. 352,1937. 

* “Smoke,” Perfex Corp., Milwaukee, 1947. 
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the chimney is primarily a means for carrying off the products of combustion. It 
should thus be controlled to prevent excess draft either by a barometric damper 
maintaining constant draft or by an automatic system to regulate the uptake damper 
so as to maintain constant furnace pressure regardless of the fuel and air feed. This 
is important in smoke, since it has been established that overfire drafts of Ho or 
less are unlikely to carry ash particles 
out of the furnace. 

Smoked-prevention Suggestions. ^ 

1. Furnace vohime should be ample 
for conservative heat release; setting 
height must be related to flame travel. 

2. Stoker area should be adequate to 
carry maximum load at a reasonable 
burning rate (depends on stoker type, 
whether or not furnace is water-cooled, 
etc.). 

3. Water cooling in furnace or in 
stoker itself may reduce clinkering diffi¬ 
culties and hence extend range of coals. 

4. Avoid overloads and attendant 
high burning rates. A change to a higher 
quality coal may reduce effect of overload. 

5. Keep fire out of retorts. If burn¬ 
ing in retorts occurs, look for too thin a 
fuel bed, an empty hopper, or improper 
banking. 

6. Make sure fuel feeds uniformly over 
the grate. Change position of secondary 
rams or pushers until uniformity is 
obtained. 

7. See that grate bar ends are always covered. Do not remove ash or clinker that 
stays on grate bars after dumping. Let normal stoker operation bring it down. 

8. Learn proper fuel-bed thickness for your particular coal. It runs about 5 to 7 
in. for single retorts, 14 to 18 for multiple. 

9. If fuel bed is too heavy, fire becomes uneven, air distribution falls down, holes 
develop, smoke forms. Too light a fuel bed may produce retort troubles. 

10. Do not work the fire more than is needed. Even the fuel bed out by lightly 
raking the surface. Forget the slice bar. 

11. Hold overfire draft to about 0.1 in. A rule of thumb for underfire draft calls 
for 0.1 in. for each 10 11) of coal burned per sq ft per hr. 

12. Always keep a flow of air through grates except when on bank. 

13. Maintain a clean fire and clean ashpit. 

Coal Selection. 

1. Single-retort underfeeds handle most bituminous coals and anthracite. Pre¬ 
ferred choice limits top size to from %\,o 2 in. 

2. Usual specifications call for 2-in. nut-and-slack with no more than 60 per cent 
through a H“in. round-hole screen. 

3. Multiple-retort units handle a range of bituminous coals. Top size runs about 
2 in. Best results are usually had with caking coals having a relatively high ash- 
fusion temperature. 

4. Caking qualities of coal should be suited to amount of agitation stoker gives. 

1 Power, May, 1948, pp. 84-87. 



Fig. 14-1. Fly-ash carry-over from mul¬ 
tiple-retort stoker. {Miller, Carl T., ''What 
Can the Small Plant do About Fly Ash,'^ 
Bituminous Coal Research, Inc., 1949.) 
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Traveling Grates.' Smoke-prevention Suggestions. 

1. Furnace must provide positive mixing of rich and lean gas coming off fuel bed 
by either arches or overfire jets or both. 

2. Older arch furnaces may have inadequate volume and be sensitive to fuel 
change. 

3. Positive means for controlling air flow to various grate zones must be provided 
in stoker design and maintained in good working order. 



Fig. 14-2. Fly ash discharged to atmosphere from anthracite-burning traveling-grate 
stoker. {Gladden, C. S., “ Cinder and Fly Ash Factors when Burning Small Anthracite on 
Traveling Grate Stokers,” ASME, Fuels Conference Paper, p. 7, 1946.) # 

4. Maintain an even fuel bed. Rate of ignition controls grate speed and fuel-bed 
thickness. 

5. Air flow directly affects ignition. Be constantly on guard against air leaks into 
the furnace. Such leaks break down pressure difference across fuel bed, lower the 
ignition rate. 

6. Natural-draft grates have about 20 per cent air space. Below 0.1-in. draft, 
overheating of grates may be encountered. Too high a draft (over 0.5 in.) causes 
excessive gas velocities, cinder carry-over. Usual range is 0.1 to 0.15 in. 

7. Forced-draft units have 7 to 10 per cent air space in the grate. Draft loss 
across the fuel bed runs about 1.5 to 2.0 in. 

8. Stoker design provides for regulating air flow to different zones of the grate. 
For best results, air distribution must be adjusted carefully and maintained at correct 
flows. 

1 Ibid, pp. 88-91. 
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9. Keep ashpit and undergrate areas free from siftings. Neglect can cause warp¬ 
ing of grate surfaces and wind-box sections, with consequent loss of control of the air 
flow. 

10. Make sure mixing is thorough. If not adequate, install overfire air jets. 

Coal Selection. 

1. These units work best on free-burning coals, prove suited for anthracite and 
coke breeze. 

2. Ash content should be above about 6 per cent to ensure protection of rear grate 
section. 

3. With natural draft (0.1 to 0.15 in.), coal having a top size of in. gives good 
results. Heavier draft permits coals of 1 J^-in. top size having range of size normally 
occurring in crushing. 

4. When burning anthracite. No. 3 buckwheat (barley) and No. 4 buckwheat are 
preferred sizes, the latter where special grates have been provided, and usually on the 
larger stokers. 

5. Forced-draft grates can handle higher percentages of fines, smaller top size. 

Spreader Stokers.^ The spreader stoker when properly adjusted and supplied with 

adequate overfire air is not usually a smoke offender, but it will be a serious offender 
from a fly-ash standpoint if adequate precautions are not taken. Since a considerable 
portion of the fuel bed is burned in suspension, the resulting ash particles are very 
light and are easily carried over the bridge wall and out the stack. In view of this 
fact, overfire draft must be carried at a very low value, and control must be efficient 
and precise. 

With the majority of underfeed stokers, overfire drafts up to Ho in. are generally 
permissible, but in the case of spreader stokers this draft value must usually be carried 
lower. Very low drafts are usually considered injurious to boiler settings, but this 
must be provided for in the operation of spreader stokers by furnishing adequate 
refractories. The customarily low air pressures carried in the plenum chamber do 
not tend to blow fly ash off the fuel bed, but the lightness of the particles burning in 
suspension must be considered and provided for in determining the draft adjustment 
for a coal of given fineness consist. 

Because so much of the volatile matter in the coal is released and burned in suspen¬ 
sion, overfire air is essential with spreader stokers. The capacity and placement of 
the jets is dictated by the fuel to be used. 

On all but the most unusual circumstances, methods for the recovery of fly ash, 
usually with a return to the furnace for subsequent burning, are also essential. 

0 Smoke-prevention Suggestions,^ 

1. Provide ample furnace volume and sotting height to ensure smoke-free opera¬ 
tion. 

2. Turbulence is essential to good mixing over the fuel bed; install overfire if 
needed to avoid stratification. 

3. Cinder collection and reinjection are often desirable to reduce dust emission 
and to keep down carbon loss to the stack. 

4. Automatic control pays dividends. 

5. Too high a percentage of fines may put too much of coal in suspension for 
furnace volume and available combustion time, cause excessive dust emission. 

6. Keep a thin, level fuel bed; a heavy one clinkers and smokes. 

7. Both under- and overfire draft should be held relatively low, at values consistent 
with a slight negative furnace pressure. 

8. Low wind-box pressure, with relatively high grate resistance, avoids heavy 
fluctuations as fuel-bed thickness changes, also heavy cinder carry-over, and in 

1 Ibid. 
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extreme cases, blowholes. Holding overfire draft low avoids high gas velocities. 
It is a good idea to restrict fuel feed to about a minute's supply. 

9. Remember that rate of ignition drops on low-load operation and that smoking 
can develop as a result. 

10. Clean fire pits and ashpits at regular intervals. Siftings in ashpits, once 
ignited, can damage grates, cause loss of air control. 

11. Set up the correct banking procedure and follow it. 

12. Check the damper position, baffle condition, and furnace walls periodically. 

Coal Selection, 

1^ Spreaders do best on coals under about IJ^ in. with preferred size of about 
by 0 in. nut and slack. Coarse coals tends to wear the feeders and may cause clinker. 

2. Watch size consist of coal; lack of uniformity should be avoided. 

3. Avoid segregation by maintaining hopper half full at all times and by using 
nonsegregating chutes, mechanically operated spouts, or traveling larries. 

4. Spreaders handle a wide range of coals from lignite through the various types of 
bituminous coal, but not 100 per cent anthracite. 

Pulverized Coal. Emissions from Pulverized-coal Plants, When coal is burned in 
pulverized form, in suspension, the volatile matter is released more rapidly in an 
atmosphere still rich in oxygen, mixes with it quickly by diffusion, and the furnace 
temperature is higher than is normally found in hand-fired or stoker-fired furnaces. 
This combination of conditions is very well adapted to the combustion of the volatile 
matter. 

In a pulverized-coal furnace, the finely divided particles of solid coal must be 
permitted sufficient time to burn and must be kept in contact with a steady renewing 
supply of air in the presence of a high temperature, or they will escape unburned. 
The heat rapidly released in the combustion of the volatile matter aids in the ignition 
of the solid, or fixed carbon. 

Classification of Pulverized-coal Plant Emissions, Pulverized-coal plants do not 
ordinarily produce true smoke but rather a dust consisting of particles which, though 
they appear very small to the eye, are acutally very much larger in size than those 
produced by the volatile matter. 

When the particles from a pulverized-coal stack are coarse and, on account of their 
size, fall freely under gravity, the condition is called a “dust.” If the particles are 
small enough to fall slowly at a constant velocity, it is known as a “cloud.” When, 
however, the particles are so extremely small that they show no signs of settling, but 
are driven about by the bombardment of the gas molecules, a condition exists called 
a “smoke.” % 

Smoke-prevention Suggestions ,' 

1. Be sure pulverizer capacity is adequate to deliver fuel of desired fineness at all 
loads with usual moisture content. 

2. Furnace must provide for full flame travel and have proper balance between 
uncooled and cooled surface to ensure good ignition. 

3. High degree of turbulence is necessary for controlling 'Hail” of combustion. 

4. As far as possible, operate pulverizers near best capacity level. 

5. Maintain air preheat at proper level, usually in the neighborhood of 500°F. 

6. Take periodic samples of mill output to keep to desired fineness. 

7. Check pulverizers regularly for wear; make required adjustments to maintain 
desired fineness. 

8. Put in orifices or directional vanes if feed distribution is not uniform. 

9. Vibrators in raw-coal feed to pulverizer keep wet coal moving, avoid' ‘ hang-ups. ” 


^ Power, January, 1948, pp. 76-79. 
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10. Check' all damper and vane settings in air-supply lines periodically. 

11. Hold primary air as close as possible to best ignition-air ratio for all loads. 

12. Be sure burners are adjusted to provide right flame shape, air distribution, and 
ignition point within the furnace. 

13. Watch percentage of excess air in relation to ash content of fuel. As ash con¬ 
tent increases, percentage of excess air must be increased to hold combustible loss at a 
fixed level. Eventually it becomes a question of balancing loss in combustible (most 
of which goes up stack) against dry-gas loss. 

14. Make sure that dust collectors operate at design conditions to do an effective 
job. 

Coal Selection. 

1. Small mills do best on coals up to about ^-in. top size. For medium and large 
mills, best top size runs about 1 to 1in., respectively. For any specific mill, maker ^s 
specifications should govern. 

2. Fineness of pulverization depends on grindability, ash content, moisture, etc. 
These may also affect mill capacity. In selecting coals, bear these factors in mind, 
remembering also that desired fineness is influenced by such factors as volatile content. 

Oil Burners. Smoke in oil-burning installations is caused by several related factors. 
In the order of their most frequent occurrence, they are: 

1. Too much oil being fed into a cold furnace on starting, and the consequent 
failure or partial failure of combustion. 

2. Insufficient air (indi(;ated by a smoky flame), usually as a result of too small an 
air port, or lack of draft. 

3. Excessive furnace draft, which, in combination with incomplete combustion, acts 
to draw the unburned gases (smudge) through the boiler passages and up the stack. 

4. Faulty atomization, due to insufficient preheat (indicated by sparks in the 
flame) or failure to secure sufficient temperature of oil before starting. Also caused 
by burner-tip condition, by pulsation (pressure difficulty), and by feed-line clogging. 

5. Insufficient draft loss through the boiler (in water-tube boilers) due to faulty 
baffle conditions. 

Constant emission of smoke from an oil-burning installation is inexcusable. The 
factors to be considered are, in the proper sequence, burner condition, preheat, air 
and oil mixture, boiler condition, and control of draft. 

Domestic and small commercial oil burners are usually equipped with forced draft 
or mechanical means of air supply, and their adjustment is thus a one-time matter of 
properly balancing the fuel and air supply for maximum efficiency without smoke. 

In larger commercial and industrial oil burners, operation is usually by natural 
draft. The oil burner atomizes the oil and furnishes a certain proportion of the total 
air requirements as primary air intermixed with the oil; the balance of the air is 
introduced into the furnace by natural draft introduced through secondary ports, 
usually located below the burners on the boiler front. Depending on their design 
and the method of operation, such burners furnish from 5 to 15 or even 25 per cent of 
the total air requirements as primary air. 

It is important that the secondary air entering the furnace be introduced in such a 
manner that it mixes intimately with the flame of the burner and that it does not 
escape around the flame to create cold-air strata. Secondary ports are of many types 
and vary widely in their area and their air-admission capacities and characteristics. 
Most air ports are of checkerwork brick, in which the efficiency of the open orifices is 
about 80 per cent. Thin plate openings in steel boiler fronts have an efficiency factor 
of about 65 per cent, while a characterized mouthpiece may have an efficiency of 95 
to 98 per cent. With such figures at hand, Table 14-1 can be used to calculate the 
resultant air quantities to be anticipated. 
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If the air ports are insufficient in area for operation at low draft, and if their con¬ 
struction and design is improper, it is of vital importance that they be rebuilt if effi¬ 
cient and smokeless operation is to be accomplished. 

In summation, smokeless operation results from the combination of adequate pre¬ 
heat, efficient atomization, the proper amount of air introduced in the proper manner, 
sufficient volume in the furnace, and sufficient time for the process of combustion. 

The element of time afforded for complete combustion is important and is governed 
entirely by the draft in the furnace. Furnace draft should not exceed Ho and the 
air ports should be so designed that the adequate quantities of air will be available at 
this draft or even slightly less. 

If higher furnace draft is used, unburned oil vapor will be drawn into the boiler 
tubes where the flame is immediately extinguished to form ^^smudgc'^ or soot. It is 
particularly offensive, since it is moist and sticky and causes material damage to sur¬ 
faces and materials on which it may be 
deposited. 

The formation of ‘^sludge” from the 
heavier oils frequently causes poor 
atomization because of burner-tip clog¬ 
ging, fouling of rotary cups, and pulsa¬ 
tion. The use of a recognized solvent is 
recommended in such cases. 

Oil and Gas.^ Smoke-prevention 
Suggestions. 

1. Match combustion-chamber length 
and shape to flame length and shape. 

2. Make sure that flame does not 
impinge on furnace walls or boiler sur¬ 
faces. Such impingement increases 
maintenance and often causes smoke. 

3. Burner installation should be able 
to handle desired load range. This may mean wide-range burners or multiple 
burners. 

4. Watch burners for wear caused by abrasion of ash in fuel and for carbon 
build-up. 

5. Always protect cup of a rotary burner after it is turned off; otherwise carbon 
forms in the rim and spoils atomization. 

6. Worn or carbonized mechanical-atomizing nozzles interfere with good combus¬ 
tion. Replace worn nozzles and keep them clean. 

7. Many smoke troubles arise from faulty air supply. If installation is manually 
controlled, make sure air supply is regulated when oil flow is changed. Keep air inlet 
and fan blades clean. Clogged dirt and lint cut air flow, and smoke may result. 

8. Smoke may be produced when starting a cold furnace. If preheating steam is 
not available, use light oil until furnace is hot and preheating can be used. Always 
start with a moderate flame, shifting to high when furnace has warmed up. 

9. Watch out for the formation of carbon ‘^mushrooms” on the walls of a cold 
furnace. 

10. Avoid overloads. If multiple burners are installed to vary the load, be sure 
any burner taken out of service is removed from furnace to avoid carbon build-up. 
Watch out for dribbling when burners are shut down. If burners dribble, check 
the valves. 


Table 14-1. Rate of Air Flow through 
Ports 1 

By induction (natural draft). Flow per square 
foot of net area, air at 100°F 


Furnace 
draft, in. 

Air 

flow, cfm 

Furnace 
draft, in. 

Air 

flow, cfm 

0.01 

400 

0 10 

1,265 

0 02 

569 

0 15 

1,550 

0 03 

694 

0 20 

1,790 

0 04 

802 

0 25 

2,000 

0 05 

895 

0 30 

2,190 

0 06 

982 

0 35 

2,380 

0 07 

1,060 

0 40 

2,530 

0.08 

1,135 

0 50 

2,930 

0.09 

1,200 

0 60 

3,100 


* "Smoke,” Perfex Cofp., Milwaukee. 


» Power, September, 1947, pp. 64-68. 
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Selection of PueL 

1. Commercial oils and gases offer little in the way of selection problems. It is 
essential, however, that burner characteristics be suited to the nature of the fuel 
burned. 

2. P'uel must be supplied under pressure and temperature conditions to suit the 
burner. 

3. Make sure that the fuel-handling system, from pipe line to storage tank right 
up to the burners, is designed to deliver clean fuel. 

4. Be careful in mixing fuel oil from different sources. Some mixtures promote 
sludging. 

The Control of Smoke with Hand-fired Bituminous Coal^ 

When coal is fired by hand, the volatile content is distilled off and released above 
the incandescent fuel. If these gases are permitted to escape, they do so in the form 
of smoke. They can be burned only when coal is introduced in sufficiently small 
quantities so that the relatively slow rate of the distillation of the volatiles takes 
place where sufficient temperature exists, and when sufficient oxygen is available, to 
enable them to burn. 

Hand-firing methods to be used must be determined by the vplatile content of the 
fuel and the combustion rate required. If frequent attention is possible, very thin 
firing may be satisfactory and produce but little smoke, and that of a degree of den¬ 
sity permissible in most districts. For lower rates of combustion on lighter loads, 
the coking method of firing may be used to an advantage. Fresh fuel is piled in a 
ridge just inside the fire door, where the gases, as they are released, are drawn over the 
burning fuel. After the gases are consumed, the fuel may be spread over the grate and 
a fresh charge begun (see Chap. 23 for a more complete description). 

Secondary or overfire air is of great importance in hand-firing bituminous coal. 
The volatile gases that arc distilled off and released above the fuel bed will be con¬ 
sumed if sufficient oxygen is available and the temperature is high enough to support 
combustion; secondary air, introduced above the fire, is the source of this necessary 
oxygen. 

Fire doors should be opened only for cleaning fires and adding fuel, and the ashpit 
doors should be open when operating. All control of the draft and combustion rate 
should be by manipulation of the uptake or stack damper. 

Draft control for the hand-fired boiler is of importaiKie. Such control, if automatic, 
will provide only such draft over the fire as is necessary to carry the load and effect 
complete combustion. Too little draft does not furnish sufficient air for complete 
combustion; excessive draft lowers furnace temperature and wastes heat to the stack. 
In extreme cases, the gases may be drawn off before they can be completely consumed 
to pass out the stack as smoke. 


OVERFIRE AIR2 

Overfire air may be defined as the application of air over the fire in addition to that 
normally applied through the fuel bed in such manner, volume, and intensity as to 
provide the proper turbulence and necessary oxygen to obtain complete combustion 
of the volatile gases and carbon from the fuel within limits of the furnace. 

Effect on Total Air Supply. In furnaces where the air supply through the fuel bed 
is insufficient for complete combustion, overfire air can make up this deficiency. In 
furnaces where an uneconomical excess of air is used to effect complete combustion, 
this excess can be reduced and complete combustion effected by the introduction of 

^ “Smoke,” Perfex Corp., Milwaukee, 1947. 

2 Prepared by Smoke Prevention Association of America for A Guide for Reducing Fuel Consumption 
in Commercial Plants, U.S. Bur. Mines Bull. 466, p. 41, 1947. 
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deGnite quantities of overGre air. The total air supplied to a furnace need not he 
increased by the use of an overfire air system; it simply transfers the point of entry 
of a portion of the air required for complete combustion from below the fuel bed to 
the space above the bed. 

Results of Overfire Air. Overfire air, introduced in high-velocity jets, accom¬ 
plishes two results: 

1. It eliminates a deficiency of air in the furnace when it exists, as when a fresh 
charge of fuel has been added and the rate of release of volatiles is high. 

2. It produces turbulence, when introduced at proper velocities and direction, so 
that gases rich in combustible are mixed with air. 

Methods Employed for Introduction of Overfire Air. Overfire air can be intro¬ 
duced into a furnace by: 

1. Air-aspirating Steam Jets (Steam-air Jets). While these involve the lowest 
first cost, as prime movers of air they are the least efficient, the operating cost being 
higher than that of electrically driven blowers. Their construction, however, is 
simple and rugged, and repairs can be quickly and easily made. They allow for close 
and easy regulation of both steam and air flow, and thus intelligent operation can 
somewhat reduce their unfavorable operating cost. When only turbulence is lacking, 
because the furnace already contains sufficient air, only steam can be used. 

2. Motor-driven Fans. Cost less to operate because of their greater efficiency as 
prime movers. The savings depend on the relative cost of electriidty and steam. 
Their first cost is higher than that of a steam-air-jet system of similar capacity. 

3. Steam-turbine-driven blowers have characteristics similar to motor-driven 
blowers. They are used where electricity is not available or where there is use for 
the exhaust steam. 

4. Air from the Forced-draft System. Low in cost but has low velocity and pene¬ 
tration. Thus its use is limited to those applications where high turbulence is not 
required of the jets or where the furnace is quite small. 

Pressure Required. The minimum effective steam pressure for steam-air jets 
depends on furnace design and operation as well as on the design of the jets. There 
are steam jets operating satisfactorily on pressures as low as 5 psi. Experience 
indicates, however, that penetration and turbulence drop with the decrease in steam 
pressure, and 25 psi is about the lowest effective pressure that should be used. 

Steam-air jets using pressures lower than 25 psi must be more carefully propor¬ 
tioned and located than those using higher pressures. Common practice employs 
pressures of 25 to 100 psi. 

The air pressure required for fan jets depends upon the following independent 
factors: 

1. Quantity of air to be delivered per nozzle 

2. Penetration or turbulence required 

3. Furnace-gas velocity. 

The pressures in general use range from 6 to 15 in. water at the nozzles. Ix)wer 
pressure fan jets are effective only in special cases. 

Amount of Overfire Air to Supply. General practice employs about 10 per cent of 
the air theoretically required for the combustion of the fuel as overfire air. Where 
great variations in load occur or where large quantities of volatile are periodically 
released, as in hand-fired furnaces, quantities as high as 25 per cent may be required. 
Where the excess air in the furnace is difficult to control and turbulence is the main 
requirement, quantities as low as 3 per cent, at relatively high velocities, may be used. 

Location of Overfire Jets. General practice employs the following arrangements: 

1. Front’-wallJets. These are installed in the front wall of the furnace and directed 
toward the rear or bridge wall, parallel to the side walls, and pitched downward. 
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2. Rear-wall Jets, These are located in the rear wall or bridge wall of the furnace 
and blow toward the front wall. They are otherwise similar to the front wall jets, 
except that the pitch is not so pronounced. When using steam-air jets in the bridge 
wall, it is advisable to arrange the steam nozzles on a header that can be readily 
removed for servicing while the boiler is in operation. 

3. Cross-fire Jets. This arrangement consists of a single jet at each of the front or 
rear corners of the firebox. The two jets are directed to cross over the center of the 
grate. Two modifications of this arrangement are advised: (a) On traveling grates 
using an ignition arch, the crossing point should be under the arch and about 12 in. 
from the nose of the arch. (6) On single-retort underfeed stokers, the cross jets are 
installed in the front wall instead of in the corner, so that each jet enters the furnace at 
25 to 30 per cent of the firebox width from the center line of the retort. They meet 
over the center of the retort about 6 in. above the fuel bed. An additional jet, located 
over the center line of the retort and directed parallel to it, is recommended in some 
cases. 

4. Four-corner Tangential Jets. This arrangement consists of one jet in each 
corner so directed as to be tangential to a circle at the center of the grate and to give a 
rotating action to the gases in one continuous direction. The diameter of the circle 
is about one-third of the width of the firebox. 

General Rules for Jet Design. 

1. Jet streams should enter the yellow portion of the flame. 

2. Jets lose effectiveness when installed too high; they may cause clinkering when 
they are too close to the fuel bed. 

3. Jets are commonly installed 16 to 30 in. above the grate line and given a slight 
pitch downward. 

4. Jets introdu(!ing air counterflow to the gas stream produce the most turbulence. 

5. Jet streams should not impinge on the fuel bed or on the brickwork of the side 
walls. 

6. Steam jots should be made of monel metal, stainless steel, or a similar material 
that will resist cutting, since jets made of ordinary steel soon cut out and admit a 
greater amount of steam than is necessary. 

7. When steam jets are used intermittently, a trap should be used in the steam 
line to remove condensation. 

8. Air jets near the face of brickwork should be made of high-heat-resisting metal 
in order to stand the temperatures of radiation and convection from the hot brickwork. 

9. To eliminate objectionable noise produced when the air inlets to the jets are 
open to the air in the boiler room, the air intake may be piped from the stoker wind 
box, or from air channels in the settings. 

10. On installations where the release of volatiles is periodically high, as in hand¬ 
firing, a quick-opening valve controlling all the jets of a furnace should be conven¬ 
iently located at the front of the boiler. 

11. Special arrangements can be provided to turn on the jets automatically when 
the fire doors are opened. An electric eye can also be used for this purpose. 

Jets for Turbulence in Spreader-stoker Firing^ 

In spreader-stoker firing, it is axiomatic that the fuel bed must be maintained in a 
thin, active, and fully aerated condition. On the other hand, if the air flow through 
the furnace is excessive, the furnace temperatures will be reduced, and incomplete 
combustion is likely to be experienced. Sufficient air can usually be supplied through 
the thin fuel bed, so that the objective of jets becomes one of mixing or turbulence 

* Mbibbnsr, H. G. and M. O. Funk, Use of Jete to Produce Turbulence in Spreader Stoker Firing, 
Combustion, September, 1044. 
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rather than of additional air. Air jets for spreader stokers should thus be designed for 
maximum velocity rather than volume, so that the quantity of added overfire air will 
be held to a minimum. An estimate of the overfire air desirable with spreader stokers 
places it at a maximum of 5 to 6 per cent of the total air requirements. 

Steam jets have often proved effective in creating turbulence and have the advan¬ 
tage of introducing no additional air. While they are the most expensive to operate, 
the correct arrangement of either steam or air jets will usually increase the over¬ 
all efficiency or capacity of the boiler sufficiently to more than balance the cost of 
operation. 

When air or air-steam jets are used, the quantity of air must be carefully considered 
so as not to exceed 5 to 6 per cent of the total air required. A pressure of approxi¬ 
mately 30 in. is necessary for proper turbulence at this quantity. 

Four tangential jets, located at the four corners of the furnace, proved most effec>tive 
as regards both smoke and cinder reduction (see Table 14-2). 


Table 14-2. Relative Effectiveness of Various Air-Jet Arrangements^ 

(On a basis of smoke and cinder emission, using Ohio coal, 115 psi saturated steam. Note that arrange¬ 
ment 6 gave the best performance as regards both smoke and cinder emission) 


Arrangement 

Relative 

steam 

consumption 

Relative 

emission 

Smoke 

Cinders 

1. Two H-in. steam nozzles at rear corners, each 34 in. above grate, 
inclined toward grate. . 

1.9 

2 16 

1 59 

2. Four He-in. tangential steam nozzles at four comers of furnace, 
each 34 in. above grate, inclined toward grate . 

1.0 

1 49 

1 94 

3. Same as arrangement 2 excejit that nozzles were H in. in diameter 

4. Three 1^^-in. steam nozzles equally spaced across front of furnace, 

6 ft 6 in. above grate, inclined toward grate. 

3.8 

1 71 

1 15 

t 2.9 

4 51 

1 43 

6. No nozzles in furnace. 

1.0 

5 60 

1 82 

6. Four l^^-in. tangential steam nozzles at four comers of furnace, 
each 34-in. above grate, horizontal. 

3 8 

1 0 

1.0 

7. Eight ^^ 2 “in. steam nozzles, four in each side wall, 6 ft above 
grate, inclined toward grate . 

4 6 

1 87 

1 70 


1 Meissner, H. G., and M. O. Funk, Use of Jets to Produce Turbulence in Spreader Stoker Firing, 
Combustion, September, 1944. 


The general effect of steam or air jets, properly used and proportioned with spreader 
stokers, is to reduce cinder carry-over and smoke and to increase the boiler effi(tiency 
by as much as 1 to 3 per cent when furnace conditions are otherwise satisfactory. 


Table 14-3. Relative Operating Costs of Various Types of Jets^ 



Static 
Iiressure, 
in. H 2 O 

Per cent of 
total coin- 
bustion air 
or steam 
required 

Relative 

operating 

cost 

Fan 

5 

12 0 

1 0 

Fan 

10 

9 1 

1 5 

Fan . 

30 

5 7 

2 9 

Steam jet, no entrained air 


1 1 

3 6 

Steam-air ejector 


0 5 

I 

1 8 


1 Meissner, H. G., and M. O. Funk, Uses of Jets to Produce Turbulence in Spreader Stoker Firing, 
Combustion, September, 1944. 

Stoker firing produces considerably coarser ash than pulverized-fuel firing and thus 
presents entirely different problems of ash or dust collection. Table 14-5 shows a 
typical pulverized sample to contain some 77 per cent below 325 mesh; whereas the 
stoker sample has only about 24 per cent below 325 mesh. The pulverized sample 
had only 2 per cent larger than 150 microns, as compared with 37 per cent with the 
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stoker. From various samples, Best concludes that pulverized ash will range from 
65 to 85 per cent less than 325 mesh, stoker ash 15 to 40 per cent less than 325 mesh. 

Table 14-4. Steam Flow through Various-sized Nozzles^ 

(Pounds per hour) ' 


Pressure, 

psi 

Nozzle diam, in. 

Pressure, 

psi 

Nozzle diam, in. 

He 

^2 


H2 

Ms 

Ks 

H2 


H2 


100 

18 

40 

71 

112 

162 

250 

41 

93 

166 

259 


150 

26 

58 

102 

160 

231 

300 

49 

111 

197 

308 


200 

33 

75 

134 

210 

300 








Note: Values are for saturated steam: flow with superheated steam is somewhat lower. 

1 Meissner, H. G., and M. O. Funk, Uses of Jets to Produce Turbulence in Spreader Stoker Firing, 
Combustton, September, 1944. 

Table 14-5. Size Comparison: Pulverized Coal Ash vs. Underfeed Stoker Ash^ 


Size, 

microns 

Per cent of size indicated 

Size, 

microns 

Per cent of size indicated 

Pulvcrized-fuel ash 

Stoker ash 

Pulverized-fuel ash 

Stoker ash 

+ 150 

2 0 

37 0 

20-30 

16 0 

6 5 

100-150 

3 0 

13 0 

15-20 

11 0 

3 3 

60 100 

8 0 

17 0 

10-15 1 

14 0 

2 7 

40-60 

10 0 

11 0 

7 5-10 j 

9 0 

1 3 

30-40 

10 0 

7 0 

-7 5 

17.0 

1 2 


1 Best, Philip F., “Combustion Ash Collection for the Small Power Plant, ”ASME annual meeting, 
paper 48A-65. 1948. 

Air or Gas Loading. The loading of air or gases is defined as the grains of solid 
particles per cubic foot of gas. 

Best concludes that stoker firing generally produces about 1.5 grains of dust per 
cu ft of gas; pulverized fuel firing 2.5 grains, both corrected to 32®F. In pounds of 
dust per 1,000 lb of gas, this means 2.6 for stoker-fired installations and 4.4 for pulver- 
ized-fuel firing. 

Loading is affected by so many factors, such as boiler rating, draft conditions, 
various elements of design, fuels, and fuel conditions, that any such figures on load¬ 
ing should be considered as relative approximations only. 

Cyclone separators are not critical as to dust loading. Thus, for a given installa¬ 
tion, aU other factors equal, if the dust loading of the inlet gas is doubled, the amount 
of gas both collected and escaping will be doubled. Electric and ultrasonic precipi¬ 
tators are criticial as to loadings, the maximum practical loading for electric precipi¬ 
tators being 25 grains per cu ft. 

The ASME specifies a maximum of 0.30 grains per cu ft of total solids in their model 
smoke law (Pittsburgh allows 0.75 grain). 

INDUSTRIAL DUST AND AIR POLLUTION 
Characteristics of Fine Particles 

Dust is limited to solid particles larger than 1 micron, with smaller particles being 
classified as fumes, smoke, etc. There is no practical limit to the upper dimension, 
as the heavy industrial dusts graduate into cinders which may be of any size. 

While some dusts, such as portlaiid cement, are more or less homogenous as to 
particle size and density, this is the exception rather than the rule, as most dusts are 
composed of a complex, and widely varying, mixtures of sizes, often ranging from a 
fraction of a micron to cinders. 
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Specific Gravity. The specific gravity of dusts commonly collected ranges from 
0.5 to 8.0. Here again the individual particles may all be of the same, or approxi¬ 
mately the same, specific gravity, or they may be a mixture of materials of several 
different gravities. This is important, because it enters into the design of such 
separators as cyclones and has a direct relation to the velocity of fall of emissions 
from stacks. 

Shape of Particles. Dust particles may be in almost every conceivable shape. 
^Vhile for purposes of calculation of weight, etc., they are usually assumed to be 
spherical, this is seldom the case, as they may consist of flat disks, conchoidal fractures, 
ovoids, etc. The shape affects their agglomeration on collision. 
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Fig. 14-3. Classification of common atmospheric impurities and range of aj^paratus. 
{Christie, A. G., Industry and Powery) 


Adhesive Properties, Depending largely upon the content of moisture, tar, etc., 
different dusts have different degrees of adhesion ranging from a purely mechanical 
interlocking to definite stickiness. This frequently complicates the problem of final 
removal from collecting surfaces. 


Settling Velocity of Particles^ 

Buell gives the following formula for calculating the settling velocity of fine particles: 

„ - 2 (Pi - vi)g 
9 n 

where v =* settling velocity 

r = radius of ball-shaped particle 

Pi = mass density of particle (in metric units numerically equal to the specific 
gravity) 

P 2 = mass density of the gas 
p = acceleration due to gravity 
n ~ viscosity of the gas 

Since p 2 is negligible in comparison with pi, for practical purposes the settling 
velocity will be proportional to 

r* X Pi 

For example, using this simplified formula, a particle of 10 microns and a specific 
gravity of 2 will be found to have the same settling velocity as a particle of 14 microns 
1 Buell Engineering Co., New York. 
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and a specific gravity of .1. This is because 

10* X 2 = r* X 1 and r = 14.14 

These formulas are commonly used for computing settling time or effectiveness* in 
cyclone separators. 

Falling of Dust Particles.^ The travel and falling of dust particles often causes 
a major nuisance in or near a plant. The amount of cinders or other dust which falls 
within a given distance of the stack is affected by particle size and density, stack 
height, and wind velocity, as shown in Fig. 14-4. 

An approximate relationship is given by the formula 

Trnvol - 9 « (wind velocity, mph) X (stack height, ft) 

, ® ”■ ® (particle size, microns)* X (specific gravity) 

It will be noted that the travel in miles varies inversely as the specific gravity of the 
material. This factor is commonly neglected in the use of charts such as Fig. 14-4. 



Fig. 14-4. Distance of travel of dust particles from 200-ft stack. (B. F, Sturtevant 
Company.) 

As specific gravity of common materials may vary from 0.5 to 8, the magnitude of the 
resultant error is obvious. Thus, while Fig. 14-4 is computed for a specific gravity of 
2 (the usual assumption for fly ash from coal), new charts should be prepared for 
other gravities and conditions. 

It should also be noted that, as ability to stay aloft is inversely proportionate to 
the square of the particle size, dusts composed of a mixture of sizes may be expected 
to fall progressively, the largest particles nearest the plant, and vice versa. 

Under actual conditions, interference of buildings, hills, etc., will produce eddy 
currents and downdrafts which will materially modify the distance of particle travel. 
Areas of water are particularly prone to cause such downdrafts. The formula does, 
however, indicate the effect of various factors qualitatively and their importance. 

1 “What We Make,” Condensed Catalog & Engineering Data, No. 600, p. 168, B. F. Sturtevant Co., 
Hyde Park, Boston. Mass.. 1945. 
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Table 14-6. Distance of Dust Travel 
from 200-ft Producing Stacks in 
5-mile Wind 

(Based, on dust sizes lost by collectors in 
Tables 14-5) 


Distance from 
stack 

Per cent of total dust fall¬ 
ing within distances 
indicated 

Pulverized 

fuel 

Stoker 

firing 

^ft. 

0 0 

0.5 

600 ft . 

0 0 

2.4 

1,000 ft . 

0 0 

16 7 

2,500 ft . 

0 0 

35.8 

4,000 ft . 

0 0 

45 0 

1 mile 

0 0 

52 0 

2 miles. 

2 3 

70 0 

5 miles . 

5 7 

80 4 

10 miles 

18 2 

89 9 

Over 10 miles 

81 8 

10.1 


» Best, Philip F., “Combustion Ash Collection 
for the Small Power Plant,” ASME Paper 
48-A-55, annual meetma, 1948. 


Table 14-7. Standard Screen Sizes^ 


U.S. Bureau of 
Standards 

W. S. Tyler Co. 
screen 

Mesh 

No. 

Microns 

Open¬ 

ings, 

in. 

Mesh 

No. 

Microns 

Open¬ 

ings, 

in. 

10 

2,000 

0 0787 

9 

1,981 

0 0780 

12 

1,680 

0 0661 

10 

1,651 

0 0650 

16 

1,190 

0 0469 

14 

1,168 

0 0460 

20 

840 

0 0331 

20 

833 

0 0328 

30 

590 

0 0232 

28 

589 

0 0232 

40 

420 j 

0 0165 

35 

417 

0 0164 

50 

297 

0 0117 

48 

295 

0 0116 

60« 

250 

0 0098 

60 

246 

0 0097 

70 

210 

0 0083 

65 

208 

0 0082 

80 

177 

0 0070 

80 

175 

0 0069 

100« 

149 

0.0059 

100 

147 

0 0058 

140 

105 

0.0041 

150 

104 

0 0041 

170 

88 1 

0 0035 

170 

88 

0 0035 

200“ 

74 

0 0029 

200 

74 

0 0029 

230 

62 

0.0024 

250 

61 

0 0024 

270 

53 

0 0021 

270 

53 

0 0021 

325“ 

44 

0 0017 

325 

43 

0.0017 


* B. F. Sturtevant Co., Hyde Park, Mass, 
Catalog 500. 

® Screen sizes used in ASME Power Test Code 
for Dust Separating Apparatus. 


Summary of Fly-ash Emission and Characteristics from Various 
Types of Equipment 

Spreader Stokers. Usual fly-ash emission 1.0 to 2.0 grains per cu ft. Some few 
installations below this average; others as high as 2.5 grains per cu ft. Size consist, 
about the same as underfeed stoker, about 35 per cent passing 325-mesh screen. 
Variations in quality about plus or minus 10 per cfmt. Rate of stoker firing has 
relatively little effect on rate of fly-ash emission in grains per cubic foot. Probable 
ratio of maximum to minimum fly-ash emission is 2:1 between 10 lb of fuel per sq ft 
of grate and 50 lb. Of the total ash, 20 to 25 per cent may be stack-emitted. 

Underfeed Stokers. Usual emission about 1.5 grains per cu ft. Fly ash is much 
more coarse than with pulverization, approximately 37 per cent being above 150 
microns as against 2 per cent with pulverization. Rate of firing has profound effect 
on rate of emission; ratio of emission as between low firing and maximum firing being 
as high as 10:1. About 15 per cent of the total coal ash may be emitted. 

Pulverized-coal Firing. Usual emission about 2.5 grains per cu ft of flue gas. 
Usually very fine, with only about 15 per cent exceeding 60 microns, and only half of 
this above 100 microns. Under the worst conditions, pulverized-coal burners may 
discharge up to 70 per cent of the ash in the coal to the stack. Usual range is 40 to 
70 per cent with slag-tap furnaces in the lower range, dry bottoms in the upper. 

Traveling Grates. Rate of emission is reasonable to about 20 to 25 lb fuel per sq ft 
of grate; beyond this point the amount increases at a very rapid rate. 

Determination of Dust Emission. An accurate determination of dust emission is 
very difficult. The common method of observing the discharge of chimney and other 
dusts and judging the density by comparison with a Ringelmann chart has been largely 
discredited. Dr. Marks has shown that such a determination is influenced by the 
nature of the sky behind, and to an even greater extent by the diameter of the stack. 
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A large diameter with only moderate dust may diffuse light to such an extent as to 
appear several shades darker than if the stack was smaller. An additional obvious 
limitation of the Ringelmann chart is the fact that it cannot be used at night. 

Dusts from pulverized coal are considerably finer than those from stokers. These 
dusts arc more readily visible than coarser dusts of the same actual loadings because 
of the larger exterior surface areas exposed to the light. Thus the finer dusts are apt 
to appear dirtier and to draw more complaint. 



3 4 

Fig. 14-5. Bingelmann chart for determining smoke density. 


Recorders are available based upon the use of the density of light passing through 
the dust-laden gas stream, and received on a light-sensitive cell or electric eye.’* 
Such devices could be more widely adopted to advantage. 

REASONS FOR THE COLLECTION OF DUSTS 

There are four major reasons for wanting to separate dust and fumes from their 
carriers; (1) as an abatement of a nuisance with resultant civic betterment, protection 
of machinery equipment and buildings, elimination of damage claims, improvement 
of employee morale, and increase in production efficiency; (2) for the recovery of 
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Table 14-8. Typical Dust-emission Regulations 



Grains/cu ft 

Lb/1,000 
lb flue 
gas 

Approx 
per cent 
fuel fired 

300°F 

500®F 

Philadelphia 

1 072 

0 85® 

2 82 

3.5 

Pittsburgh 

0 946 

0 75« 

2 49 

3 1 

Baltimore 

0 946 

0 75® 

2 49 

3 1 

Peoria, Ill 

0 505 

0 40® 

1 32 

1 7 

Detroit 

0 379 

0 30® 

0 99 

1 2 

Cincinnati 

0 324 

0 257 

0 85® 

1.1 


« Figures specified in ordinance; otiiers are calculated. 

Table 14-9. Comparison of Various Municipal Smoke-prevention Laws^ 



Max No. of units allowed® 

Minutes and 
density allowed 
for cleaning, 
etc.** 

Dust loading, 
grains/Mcf at 
60®F and 29.92 
in. Hg 

City 


Ringelmann No. 



1 

2 

3 

4 

5 

Atlanta 

d 

d 

0-900 

0-613 

0-767 

8 min No. 3 and 
over/hr 

785 12 % CO 2 

Buffalo.... . 

d 

d 

0-30 

0-40 

0-50 

2 6 inin No. 3 
/day 

Nuisance 

Chicago 

d 

d 

0 

0 

0 

6 mm No. 3/hr 

Nuisance (350) 

Cincinnati*. . 

d 

d 

d 

0-4 


6 mm/day 

480 © 50% excess 
air 

Cleveland. 

-<-10 

0-d 

0-54 

0-48 

0 


2,150 of 50 mesh 
and over 

Columbus . 

d 

32 

0-12 

0-16 

0-20 

6 min No. 3 and 
over 

480 12 % COa 

Detroit. . 

d 

16 

0-18 

0 

0 

12 min No. 3 and 
over 

588 

District of Columbia 

d 

d 

0 

0 

0 


Nuisance 

Hudson County, N.J 

d 

24-32 

24-30 

32-40 

40-50 


Nuisance 

Massachusetts. 

d 

<<-50 

9-30 

10-40 

15-.50 

10 min No. 3 and 
over 

Collectors on me¬ 
chanical draft 

Pittsburgh 

d 

0-2 

0-3 

0-4' 

0-5 

9 min No. 2 or 6 
min No. 3 

1385 total and 370 
over 325 mesh @ 
50 % excess air 

St. Louis .. 

d 

a2 

0-3 

0-4 

05 

9 min No. 2 or 6 
min No. 3 

Same as Pittsburgh 

Toledo. 

d 

‘*^16 

0-12 

0-16 

0-20 

12 min No. 3 and 
over 

480 % 12 % CO 2 

Wyandotte, Mich.* 

d 

1 6-20 

1 0-225 

0 



Nuisance or 400 of 
50 micron or 
larger 

ASME model law . ... 

d 

16 

0 

0 

0 

12 min No. 3 and 
over 

480 © 12% CO 2 

Stoker Manufacturers Assoc. 

d 

d 

0-3 

! ® 

0 

9 min No. 3 or 6 
min No. 4-5 

Nuisance 

Salt Lake City. 

d 

d 

3 

4 

5 

6 mm No. 3 and 
over 



Note: This table is necessarily very rough and is intended merely as an indication of the ordinances. 
Where a range is given, the less dense smoke usually refers to stationary equipment; the denser smoke 
to railroad and marine. Local ordinances should l:>e consulted for exact definitions. Where a zero is 
shown under a Ringelmann number, any emission of any duration of this density constitutes a violEttion. 

1 Condensed from Coal Heat, August, 1947. 

® The smoke unit equals 1 min of No. 1 smoke, etc. (thus 2 min of No. 2 smoke =* 4 units). 

^ Minutes and densities shown are usually those for cleaning fires. Provision is usually made for 
additional time for breakdowns, etc. 

® Umbrascope scale. 

* Not prohibited. 
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commercially valuable by-products; (3) for th6 direct collection of powdered products 
in the process industries; and (4) for the cleaning of air or other gases for subsequent 
use. 

Occupational Diseases. Silicosis and asbcstosis’are well-known diseases having 
their origin in the irritation of industrial dust. Metal dusts such as lead, magnesium, 
cadium, and their compounds are toxic. 

In general, dusts and fumes between 0.4 and 5 microns in size are considered most 
likely to cause respiratory irritation and lung damage. Hay-fever pollen approxi¬ 
mates 20 to 60 microns. Thus, if collection equipment is being installed with an 
alleviation of one or both of these conditions in mind, an examination of its effective¬ 
ness, or removal efficiency, at these ranges is in order. 

Fire and Explosion Hazard. Any combustible dust which will oxidize rapidly will, 
with proper size and concentration conditions, cause a potential explosion or fire 
hazard. Special design precautions are necessary with this group, which includes all 
agricultural dusts, coal dust (except anthracite), wood dust, aluminum dust, etc. 
(see Table 18-19 and accompanying material). 

ASME Model Smoke Ordinance. In 1940, the ASMI] appointed a Model Smoke 
Law Committee. After receiving the cooperation of many organizations, including 
the Smoke Prevention Association of America and the Stoker Manufacturers Associa¬ 
tion, they released (May, 1949) an information bulletin containing example sections 
for a smoke-regulation ordinance. This is intended as a guide for ordinances of this 
type. It has already been used as a basis for laws by more than 100 cities in adopting 
or changing their ordinances. (It is suggested that those interested in a smoke 
prevention measure secure a copy from the American Society of Mechanical Engi¬ 
neers, New York.) 

Emission limitations considered by the comiAittee to be appropriate for an industrial 
city restrict emission from all fuel-burning equipment, internal-combustion engines, 
and open fires to the density of a No. 2 Ringelmann chart. Exceptions are allowed 
up to a No. 4 Ringelmann density for periods aggregating 4 min in any 30 min; or a top 
of No. 3 Ringelmann density for periods aggregating 3 min in any 15, when building 
a new fire or when breakdown occurs. 

Emission of dust in the gases is limited to 0.85 lb per 1,000 lb of gas adjusted to 
50 per cent air for products of combustion. Exceptions allow a dust collector of 
75 per cent efficiency if constructed before the effective date of the ordinance; 
85 per cent if constructed afterward. Dust limitations can be waived during break¬ 
downs. 


Misconceptions and Illusions in Smoke-prevention Measures 

K. C. Richmond^ very properly points to a number of fallacies in connection with 
smoke prevention, among which are: 

1. Merely passing a smoke ordinance does not automatically reduce or prevent 
smoke. 

2. Smoke abatement is not the only objective; it is air purification. It is the unseen 
gases and fumes from all sources with which we are concerned; not coal smoke alone. 

3. So-called ‘^soot fall” records (more correctly ‘‘dust fall”) fail to tell the entire 
story, because the dust may come from a very considerable distance. Some of the 
dustiest towns in this country are in Oklahoma, Texas, and New Mexico, where little 
or no coal is used. 

4. Smoke may be caused by the equipment and the manner in which it is maintained 
and operated, as well as by the fuel. 

5. The diesel engine by no means eliminates air pollution; its exhaust fumes should 
not be discounted (see Diesel Powers March, 1947, pp. 49, 62). 

1 Richmond, K. C., An Analysis of Smoke Ordinance Regulations, Coal Heat, August, 1947, p. 9. 
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6. Above all, the effectiveness of any ordinance is coupled with the fearlessness of 
its enforcement. 

EQUIPMENT AVAILABLE FOR COLLECTING FINE DUSTS 

The rapidly increasing interest in air purification due to widespread interest and 
action in smoke abatement has resulted in the availability of many different devices 
for the collection of fine dusts and fumes. 

These range from settling tanks, where the velocity is so slowed by available space 
as to cause the larger particles to drop out, to cyclonic collectors with both single and 
multiple tubes, electrical precipitation, and, more recently, ultrasonic separation. 
In addition a wet or scrubbing process finds considerable acceptance in England, 
where smog is a major problem. 

Each of these systems has its own advantages and disadvantages, and an attempt 
has been made to summarize these in Table 14-10. Usually an advantage for one gas 
might be a disadvantage for another, so that it is necessary to study each problem 
individually with particular reference to the factors discussed in this section, com¬ 
mitting the design to any specific equipment. 

Table 14-10. Relative Advantages and Disadvantages of Various Dust Collectors 

DisadvantaKos 


Relatively liiRh draft resistance. 
Low efficiency on smaller particles, 
vanishinK to negligible results 
below about 2 microns 
Inlets must be very carefully de¬ 
signed and proportioned for proper 
load distribution 

Tendency to fail to hold certain 
conductive particles. Low effi¬ 
ciency on larger particles. Tends 
to generate ozone and oxides of 
nitrogen; dangerous if air is to be 
reused High first cost. Princi¬ 
pal problem to prevent loss of dust 
during rapping 


Increases pressure drop and opera¬ 
tion expense. Does not help loss 
of dust during rapping 
Increased pressure drop and opera¬ 
tion expense. Precipitator must 
be exposed to entire dust loading 


Ultrasonic . Principle too new to appraise results properly 

Screen-type cloth filter ... Low first cost Increasing resistance with dust ac¬ 

cumulation. Good only for low- 
temperature separation 

Wet washing. Costly. High maintenance. Re¬ 

quires large ground area. May 
emit smudge 


Cinder Traps 

The simplest and lowest cost device for reducing fly-ash emission is the cinder or 
dust trap. This type of unit depends largely on the combination of a change in direction 
and lowered velocity to remove the solid particles from the gas. In construction, 


Type of collector Advantages 


Cyclone collectors (centrif¬ 
ugal) ; 

Single-cone type Good efficiency on larger particles 

(99% on 30 microns and larger) 
Constant draft resistance. Effi¬ 
ciency constant on all dust loadings 

Multiple-cone type. Efficiency on small particles better 

than single cones. Constant draft 
resistance and high dust storage 

Electrical precipitators Very high efficiency on certain small 
(Cottrell) particles. Low draft resistance 

Advantageous for fumes (will 
handle cigarette smoke with par¬ 
ticle sizes of some Mo micron) 


Combinations of electrical 
precipitators and cy¬ 
clones: 

Multicone ahead of elec- Removes coarse dust ahead of elec¬ 
tric precipitator trical jirecipitator. Covers broad¬ 

er range of particle size 

Electric precipitator Removes coarse particles and ag- 

ahead of multicone glomerated fines missed by electric 

precipitator, also fine dust dis¬ 
charged during rapping 
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they range from simple enlarged elbows or tees in the gas flow with collecting boots or 
hoppers, to more elaborate baffled chambers. The draft loss is low, usually only a 
few hundredths of an inch. The efficiency is also low, probably in the range .of 20 to, 
30 per cent. They are effective only on the larger components of the flue gas. Thus, 
while they would often prove adequate for removing a cinder or large particle nuisance 
in the immediate vicinity of the stack, they have but little application to real smoke 
or fume abatement. 

When cinder traps are equipped with interior baffles, their efficiency is increased 
to probably 50 to 60 per cent. Again, however, theii only real effectiveness is with 
the larger particles. The draft loss increases to 0.1 to 0.2 in., which is still suffi¬ 
ciently low for some natural-draft applications. This type of collector is usually called 
a low-draft-loss” collector. 



Fig. 14-6. Fractional efficiency of cyclone collector for materials of three specific gravities. 
Note: The specific gravities of dusts commonly collected may range from 0.5 to 8,0. It is 
thus important to know the gravity before attempting an approach to the efficiency of 
collection. {Budl^ Engineered Efficiency in Dust Collection and Recovery” 1947-.) 

Cyclone Separators 

Cyclone separators depend upon centrifugal force to project the dust particles 
tangentially out of the gas stream. It is thus evident that the efficiency of this type 
of separator will depend upon the velocity of the gases flowing through the separator 
as related to their tangential effect. Actually efficiency will vary as the square of 
such tangential effect and inversely as the square of the radius. As a result, large 
cyclones, when installed as single units, such as are necessary for commercial volumes 
of gas, usually have high draft requirements. Further, the smaller the particle size 
or weight the less the effect of any given tangential force, thus the greater efficiency of 
dust removal is accomplished with the larger sized particles. Figure 14-6 shows 
fractional efficiency for various particle sizes. 

Actually few dusts are ever composed of particles of uniform size or even weight. 
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They are composites of graduated size. Thus a consideration of the collection of 
material with a separator of this type must be calculated from a sizc-consist analysis 
of the material to be handled. The final composite picture of the removal of each 
size component separately is the only way to evaluate properly the effectiveness of 
such separators. 

Table 14-11. Relative Minimum Tan¬ 
gential Velocities Necessary to 
Separate Dust Particles in 

electors* Table 14-12. The Centrifugal Separat- 

(Body of table shows relative minimum velocities . « . 

in feet per second) mg Fome m Circular Gas Streams’ 


Particle 


Diam of collector, ft 


microns 

0.5 

1.0 

2.0 

4.0 

6.0 

12.0 

100 



0 8 

1 6 

2 4 

4 8 

50 

6.8 

i 7 

3.2 

6 0 

10 0 

20 0 

20 

5 

10 

20 

40 

60 

120 

10 

20 

40 

80 

160 

240 

480 

6 

80 

160 

320 

640 

960 

2,000 


Diam 

1 Separating force (gravity = 1) 

path 

40 fps velocity 

80 fps velocity 

20 ft 

5 times gravity 

20 times gravity 

5 ft 

20 times gravity 

80 times gravity 

1 ft 

100 times gravity 

400 times gravity 

6 in. 

200 times gravity 

800 times gravity 

3 in 

400 times gravity 

1,600 times gravity 


1 From "Multiclones,’ 
Corp., Los Angeles. 


Western Precipitation 


1 From " Multiclones,’’ Western Precipitation 
Corp., Los Angeles. 


Separation efficiency for various particle sizes, as cited by a leading manufacturer 
(Buell Engineering, New York) is as follows: particles 0 to 5 microns, 49 per cent 
efficiency; 5 and 10 microns, 76 per cent efficiency; 10 and 20 microns, 93 per cent 
efficiency; 20 and 30 microns, 98 per cent efficiency; over 30 microns, 99 per cent 
efficiency. 

Example. An example of the use of this grading to obtain the actual operating effective¬ 
ness for a given sample of dust follows: 

1. Assuming that the size consist of a 100-g sample is (by analysis): 0 to 5 microns, 

8.95 g; 5 to 10 microns, 15.99 g; 10 to 20 
Table 14-13. Collection Efficiency of microns, 21.00 g; 20 to 30 microns, 28.03 g; 

Multicone Separator "'ierons, 26.03 g: total 100 g. 

2. Then the calculated einciency of collec- 
(Per cent) x- i j u 

__ tion would be 

Micron sizes.. +5 +10 +20 Total 8.95 X 49% = 4.39 g 

15.99 X 76% = 12.15 g 
21.00 X 93% = 19.53 g 

Fly ash. 89 97 99 80 28.03 X 98% = 27.47 g 

Portland cement. 99 95 99 83 26.03 X 99% = 25.77 g 

Lime-kiln dust . 96 98 99 95 Total = 89.31 g 

Bauxite calciner 99 99 99 99 

_ 3. The total efficiency is thus 89.3 per 

Not»: The pereentagee of materials above 5 (The “cti^ teat efficiency in this case 

microns were fly ash 72 nor cent, cement 74 oer P®** cent.) 


Note: The percentages of materials above 5 
microns were fly ash 72 per cent, cement 74 per 
cent, lime-kiln dust 80 per cent, and bauxite 88 
per cent. 


iiiuc-Aiiii uuBii ou uci aiiu unuAitt; oo rni. et* • r xi * i 

per cent. ciiiciency of this same cyclone 

operated at 79.5 per cent (when a more 
uniformly sized mixture was fed) and 84.6 per cent (when fine material was fed) on 
two other tests, to illustrate the meaninglessness of accepting or using a blanket or 
over-all efficiency figure as applied to cyclone collectors, when composite material is 
to be fed. 

Factors in Cyclone Design. The efficient functioning of any dust-separating 
cyclone, large or small, is critically dependent upon a uniform nonturbulent flow to 
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the inlet port. If any bend in the duct is adjacent to the inlet, straightening vanes 
should be installed in the elbow to maintain uniform dust distribution. Where 
several cyclones are to be operated in parallel, a split-duct manifold should be used. 


Proportions should be such that an effi¬ 
cient vortex is created by which the dust- 
free gas leaves the collector. 

Conical section should be such as to permit 
the gas and dust particles to gain velocity 
through their spiral downward path, to dis¬ 
charge the dust properly into the dust 
chamber, and to create a powerful vortex. 

Turbulence of the counterflow air streams 
should be avoided by proportioning and 
dimensioning, since such turbulence materi¬ 
ally reduces efficient separation. 

Direct impingement of the dust-laden 
blast on parts of the device interposed into 
the air stream should be avoided. 

Resistance. Draft resistance through a 
single cyclone is an important factor as it is 
one of the determinants in the efficiency of 
separation. It depends entirely on design 
but may reach as high as 2.5 in. water 



Fig. 14-7. Principle of operation of 
van Tongeren single-cyclone separator. 
{Budl Engineering Co., Inc.) 


pressure. 

Aerodyne Single-cone Collector. In order to increase the efficiency of the larger 
cyclones and to decrease the disadvantage of the high flow resistance of multicell units, 
Aerodyne^ offers a collector of special design in size ranges from 1,500 to 500,000 cfm. 


Alternate arrangements 



Fig. 14-8. General arrangement of Aerotec multiple-tube collector. {Aerotec Corporation, 
Greenwich, Conn.) 


The filter surface consists of a specially slotted sheet bent in the form of a cone. The 
air or gas to be cleaned is passed at high velocity over this surface, and, because of 
1 Aerodyne Atlantic Corp., New York. 
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the form of the slots, aerodynamic forces are set up with the resultant force on the dust 
particles in a direction away from the cone face. According to Aerodyne, this force 
keeps the dust particles suspended in the form of a thin dust layer immediately in 
front of the filter surface while the clean air escapes through the slots. The dust 
layer is carried at high speed to the outlet end of the cone, where it is continuously 
withdrawn, together with a small percentage of the air or gases, into a secondary 
circuit. The concentrated dust mixture in this secondary circuit is then passed 


I Gas out I 



Fig. 14-9 


Gas out 



Figs. 14-9 and 14-10. General arrangement of Multiclone collector; lower cut shows opera¬ 
tion of single cone. {JNesiern PredpUation Co., Loa Angeles.) 
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through a small collector for precipitation into a suitable container, the secondary air 
or gas being returned to the inlet of the cone, where it again passes through the same 



Fig. 14-11. Relations between operating conditions and Multiclone characteristics. 
Ash Elimination,*^ Western Precipitation Corp., Los Angdes, p, 19, 1946.) 


process. There are over 800 installations of this type in Sweden, where the apparatus 


is known as “Bahco.’’ 

Multicone Separators. Cyclones are 
most effective when called upon to re¬ 
move the coarser and heavier particles. 
Their effectiveness varies directly as the 
square of the entering velocity and 
inversely as the diameter of the cyclone. 
Hence a series of small cyclones will re¬ 
move more and finer dusts than a single 
large unit. This has led to the develop¬ 
ment of cyclone dust collectors with a 
large number of elements of small dia¬ 
meter. These may be highly effective for 
removing particles of both large and 
medium diameters. 

Such devices require a relatively high 
pressure drop (to 3 in. water and even 
higher), which increases both installed 
and operating expense as they must 
almost invariably be installed in conjunc¬ 
tion with induced-draft equipment. 

According to the Western Precipitation 
Corp. (Los Angeles), the collection effi¬ 
ciency of a Multiclone dust (trade name) 
collector as operated on different materials 
is as shown in Table 14-13. 



Fig. 14-12. Effect of flow resistance on 
tube efficiency. (For Aerotec tube, Design 
3 the Aerotec Corporation, Greenwich, 
Conn. Temp, 400®F; specific gravity, 2 to 
2 . 2 .) 


Operating Conditions vs. Collection Efficiency. It will be noted from Fig. 14-11 


that gas volume increases almost directly with boiler steaming rate. As the draft loss 
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through any mechanical collector varies as the square of the volume passing through 
the collector, this draft loss increases rapidly with the increase in steaming rate. 

The percentage of coarse material from stoker-fired boilers is much greater at high 
steaming rates, because of the greater carrying power of the high-velocity gas. There¬ 
fore, as mechanical collector efficiency increases rapidly with increase in particle size, 
the percentage collection efficiency is highest at high steaming rates. To offset this, 
however, the total amount of fly ash at low steaming rates is very much smaller, so 
that high efficiency at low steaming rates is of very little consequence. Thus it will 
be seen that the characteristic desired in collection equipment is the highest practical 
collection efficiency at normal load compatible with maximum permissible draft loss 
at peak loads. 


Table 14-14. Performance of Centrifugal Dust Collector with Testing Sample i 


Particle 

Per cent 

Avg 

Collector 

Per cent 




size, 

of sample 

size, 

efficiency, 

collected 

Relative 

No. of 


microns 

by weight 

inicronB 

per cent 

by weight 

weight 

particlcs/cu ft 

lected/cu ft 

+420 

7 7 

420 

100 0 

7 7 

72,000,000 

9 

9 

175-420 

33 6 

298 

100 0 

33 6 

26,300,000 

107 

107 

150 175 

9 9 

163 

100 0 

9 9 

4,300,000 

192 

192 

75-150 

22 1 

113 

100 0 

22 1 

1,440,000 

1,280 

1.280 

40~ 75 

19 0 1 

58 

100 0 

19 0 

194,000 

8,200 

8,200 

30- 40 

3 7 

35 

100 0 

3 7 

42,900 

7,200 

7,200 

20 30 

1 7 ! 

25 

100 0 

1 7 

1 15,600 

9,100 

9,100 

15- 20 

0 8 

17 5 

98 0 

0 79 

5,300 

12,400 

12,200 

10 - 15 

0 4 

12,5 

95 0 

0 38 

1 1,950 

17,100 

16,200 

7 5- 10 

0 35 

8 75 

90 5 

0 31 

670 

43,500 

39,400 

5-7 5 

0 25 

6 25 

85 0 

.0 21 

244 

84,000 

71,300 

4- 6 

0.17 

4 50 

78 0 

0 13 

91 

156,000 

122,000 

1- 4 

0 18 

2 50 

03 5 

0 12 

15 6 

960,000 

610,000 

0- 1 

0 15 

0 50 

30 0 

0 05 

0 1 

100,000,000 

30,000,000 

Totals 

100 00 



99 69 


101,249,088 

30,000,000 


1 The Project Engineer, The Thermix (^o., Greenwich, Conn., vol. 6, No. 2, p. 4. 


Electrical Precipitators 

All electrical precipitators follow the same general principle in that a corona dis¬ 
charge is set up. This is usually of 30,000, 60,000, 75,000, or 90,000 volts, with the 
60,000- and 75,000-volt potentials being the most common for large industrial pre¬ 
cipitators. This potential imparts a negative charge to the gas-borne dust particles 
so that they may become attracted to the positive poles of the precupitator to which 
they may adhere. In dry-collection-type precipitators the material is usually mechan¬ 
ically dislodged from the collecting electrodes, such as by rapping, for collection in 
hoppers. 

The high-voltage electrodes, necessarily supported from high-voltage insulators, 
must either be small or have sharp edges to facilitate the formation of corona. Two 
typical forms are (1) 10-gauge steel wire and (2) /le* or 3'^-in. twisted square steel 
rods. 

Collecting electrodes must have maximum collecting surface, must be structurally 
stable, must vibrate in unison with the rapper for maximum effectiveness of cleaning, 
and must hold the trapped dust as well as possible. Their design has a great deal to 
do with the ultimate efficiency of the precipitators. 

Both vertical and horizontal gas-flow precipitators are available in many forms, 
including the following, classified by type of collecting electrodes: (1) rod curtains, 
consisting of many small-diameter pipes hung vertically in horizontal-flow precipi¬ 
tator; (2) corrugated plate, with curtain collecting electrodes for either horizontal or 
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vertical types; (3) graded resistance, with curtains of cast concrete with entrained 
rods (are heavy, must have scrapers instead of rappers, and tend to spall) (4) dual 
plates; (5) pocket electrodes of Vnshaped strips hung vertically with the apex of the 
V facing the gas stream; and (6) high-duty type, with specially bent steel strips form¬ 
ing a dust spout between two sides of the electrode, vertical flow. 



Fig. 14-13. Aerotec tubes, llelation between flow per tube and resistance for various tem- 
I)eratures. Note: For higher resistance, volume increases as the square root of resistance. 



Fig. 14-14. Estimating prices for small fly-ash collectors. {Miller^ Carl T., “ What Can 
the Small Plaiit Do About Fly Ash” Bituminous Coal Research, Inc., 1949.) 


The proper removal of the dust from the electrodes without redepositing it in the gas 
stream is a most important phase of design and varies widely for the different types 
of dust. In general, properly timed light blows of a rapper accomplish this most 
effectively. 

Applications. While electrical precipitators can be built to collect dust iiralmost 
any particle size, they will not collect material in the gaseous or vapor stages; these 
must be condensed for electrical precipitation. 
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Dry-type precipitators can handle inlet dust loadings up to about 25 grains per cu 
ft of gas. With greater dust concentrations, mechanical separation to remove the 
coarser fractions is advisable. 

Where the dust has high electrical conductivity, as with carbon, difficulty is some¬ 
times encountered because the captured particles lose their charge rapidly upon con¬ 
tacting the collecting electrode and reentering the gas stream. This process may be 
repeated through several cycles before the precipitator exit is reached. For this and 

other special conditions, combination 
methods are sometimes used for recovery. 

Precipitator Sizes. Western Precipita¬ 
tion Corp., Los Angeles, manufacturers 
of the Cottrell electrical precipitator, lists 
rectifiers in the following sizes: 5,10, 

15, and 25 kva. 

Efficiency of Precipitation. The effi¬ 
ciency of a precipitator is expressed by 
the equation 

log {I — E) — t log K° 

where E is the precipitator efficiency ex¬ 
pressed decimally, t the time in seconds 
that the gas remains in the active field of 
the precipitator, and K a constant for the 
particular precipitator and dispersoid. 
The constant K is always less than 1 and 
may vary from 0.05 to 0.80. Since the 
efficiency varies logarithmically, it can be 
seen that the size of a precipitator in¬ 
creases exponentially with inc^rease in 
required efficiency. Likewise the cost 
of a precipitator increases in greater than 
a straight-line proportion to the increase 
in required efficiency. 

In general, the efficiency of electrical 
precipitation may be expected to be 
between 90 and 95 per cent. 

Conditioning the gas is very important for maximum efficiency with electrical 
precipitators to eliminate the collection of ionized gas between collected dry dust 
particles which lowers the spatial resistance. Conditioning agents introduced into 
the entering gas stream, such as steam, water, triethylamine, salt solution, ammonia, 
and other conductive and wetting agents, overcome this difficulty. They, in turn, 
must be carefully controlled to prevent muddying the precipitator. 

Sonic Precipitation of Fine Particles^ 

Sound waves of high intensity are now being used successfully in commercial fine 
dust- and mist-collection systems. Such a system consists of an agglomeration tower 
containing the sonic generator, followed by cyclone separators. In such collectors, 
fine solid or liquid particles, particularly those smaller than 10 microns in diameter, 
may be agglomerated into larger clusters, heavy enough to be readily collected by 
cyclone separators. Such fine particles, unagglomerated, are so light that they tend 

' Danbbb, Harold W., President Ultrasonic Corp., Cambridge, Mass., “Status of the Development 
of Industrial Sonic Agglomeration and Collection Systems,” ACS Technical Paper, San Francisco, 1949. 



Elevation 


Fig. 14-15. General scheme of Cottrell 
electrical precipitator. {Western Precipi¬ 
tation Carp., Los Angdes.) 
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to remain air-borne and to pass directly through a cyclone. The high-intensity 
sound waves effect agglomeration by causing the smaller particles in a gas stream to 
vibrate wildly while the larger particles, being heavier, are less agitated. Collision 
expectancy is thereby sharply increased. The small particles collide with, and adhere 
to, the larger particles. Aggregates, frequently composed of hundreds of small 
particles, are rapidly built up and may then be collected by cyclones easily. 

Sizes of Sonic Generators Available. Ultrasonic Corp. manufactures siren-type 
generators in two sizes: Model U-4 for pilot-plant and small commercial gas streams of 
up to 3,000 cfm and Model U-3 for gas streams up to 50,000 cfm. Multiple installa¬ 
tions of such collectors are also feasible. 

Intensity of the sound wave is governed by the pressure of the compressed air, fre¬ 
quency by the speed with which the rotor is driven. (A General Radio Co. “ Variac” 
speed control in the motor circuit is recommended for adjustment of the motor speed 
and frequency.) 

Model U-4, for processing air streams up to 3,000 cfm, has an adjustable frequency 
range from 500 to 22,000 cycles per sec. With 7 psig at the generator, approximately 
230 cfm of compressed air or gas is required, indicating the need for a 10-hp compres¬ 
sor, in addition to a 12,500 rpm hp explosionproof generator-drive motor. 

Model U-4, processing up to 1,500 cfm, operates with 5 lb air pressure, requiring 
150 cu ft of free air delivery. At this air pressure, the generator acoustic output is 
about 300 watts in the range from 1 to 5 kc, this output decreasing to an indicated 
200 watts at the maximum frequency of 22 kc. Sound pressure level increases from 
150 to 165 db above 0.0002 dynes per sq cm measured in a free field. The motor drive 
requires from 100 to 650 watts in the 1- to 10-kc spectrum and then up to 2,300 watts 
at 22 kc. The compressor for 5 psi opeiation will require about a 5-hp motor. 

Factors in Agglomeration. There are three principal variables in the agglomeration 
of aerosols^ in large gas volumes (5,000 to 50,000 cfm), viz., (1) the intensity of the 
sound field in which the aerosol is treated, (2) the exposure time in this field, and (3) 
the frequency of the sound. 

Intensity of Sound. The intensity or sound-pressure level in an acoustic field is 
usually measured in decibels (db) above 10“^® watts per sq cm. The threshold value 
causing noticeable agglomeration in a reasonable time is approximately 140 db. 
However, for effective industrial practice, something upward of 150 db appears to be 
required. In a properly designed installation, from 40 to 60 per cent of the energy in 
the compressed gas may be converted into sound. 

Exposure Time. Since the process of agglomeration depends upon collision between 
the particles involved, it follows that as exposure time is increased a larger number of 
collisions will ensue. However, there appears to be an upper limit beyond which an 
increase in exposure time will not significantly improve the degree of agglomeration. 
For a given exposure time and field intensity, this limit will obtain when agglomeration 
has proceeded to the point where the particles become few in number compared with 
the volume they occupy. In general, given a sufficiently intense acoustic field of 
proper frequency, exposure time may be on the order of only a few seconds (say, up to 
about 4 sec). 

Frequency of the Sound. For work upon an aerosol having a given particle size, 
there will be a range of favorable frequency of operation. There will be a frequency 
at which great relative motion is caused by the different-sized particles, resulting in a 
maximum number of collisions. Experience indicates that this best frequency may 
extend down to the order of 1.0 kc for particles of 10 microns in size, and somewhat 
higher for particles of, say, 0.01 microns. Generator efficiency and treating-chamber 
effectiveness are also functions of frequency. 

1 Aerosols, a suspension of fine solid or liquid particles in air or gas as smoke, fog, or mbt. 
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Applications of Sonic Collectors. Evaluation of Fields of Use, Sonic collectors arc 
applicable to the recovery of a gas of particles smaller in size than those readily col¬ 
lected by conventional cyclone separators (say, less than 10 microns). Such particles 
are so light that they tend to remain air-borne and to pass directly through a cyclone. 
Below 1 micron, sonic treatment may be effectively used to so agglomerate them as 
to permit their cyclonic separation. There appears to be no lower limit of particle 
size in a visible fume or dust below which sonic agglomeration becomes ineffective. 

Temperature, within reasonable limits, does not impose restrictions. Thus, gas 
temperatures may range from below 0®F to above 1000°F without impairing efficiency 
of sonic agglomeration. At extreme temperatures, of course, special consideration 
must be given to the materials of construction. 

Sonic agglomeration seems independent of the electrical characteristics of the 
particles. Thus, inert particles and those characterized as insulators may be effec¬ 
tively collected. 

There is a complete absence of fire hazard. The gas passed through the sound 
generator may be air, steam, or an inert gas, or even the process gas itself. 

There must be a sufficient number of particles in eac.h cubic foot of gas so that, as 
the particles are vibrated in the acoustic field, there may result the proper number of 
collisions between the particles. If the particles are too widely separated, an ade¬ 
quate degree of agglomeration may not be achieved. The required particle weight 
per cubic foot will vary inversely with the average particle size. As a rough approxi¬ 
mation, 1 grain per cu ft is sufficient when the particle sizes range from 1 to 10 microns, 
but the grain-loading figure may decrease somewhat for aerosols in which the average 
particle is smaller than 1 micron, since a larger number of collision targets is available. 
When the normal grain loading is too small, such techniciues may be employed to 
increase it as spraying or condensing water or other liquid into the aerosol, mingling 
a second aerosol with the first, and increasing the loading by cooling to reduce the 
volume. 

Applications. In addition to alleviating such nuisance problems as smoke, obnox¬ 
ious fumes, dust, and smog, there is a broad field of recovery of materials where sonic 
collection might be advantageously applied. These include the recovery of materials 
through the petroleum, smelting, chemical, steel, carbon black, cement, lime and rock 
products, sulphur, paper, and other process industries. 

Cost of Sonic Collection. According to Ultrasonic Corp., the installed cost of 
industrial-scale sonic collection systems range down to below $1 per cubic foot of 
installed capacity. They further state that over-all operating cost, including power 
plus operating and maintenance labor, ranges down to below 0.7 mil per thousnad cu 
ft of gas treated. 

Examples of Sonic Application. The Ultrasonic Corp. has an experimental installa¬ 
tion at a plant of the Chemical Construction Corp. of New York. This installation 
is for the collection of sulphuric acid fog from exit stack gases of a contact-type sul¬ 
phuric acid plant. The exit stack gases leaving the absorption tower enter a humidi¬ 
fication chamber, where SO3, passing through water sprays, is converted to H2SO4 
mist, whose particles range from 0.5 to 5.0 microns in diameter. The gas stream con¬ 
tains 24,000 cfm at 125°F. It is introduced tangentially into the bottom of a cylin¬ 
drical agglomeration tower 8 ft in diameter and 35 ft high where it is treated and 
subsequently passed through cyclones to the atmosphere. When the sound generator 
is not operating, the acid fog particles pass vertically through the tower, entirely 
through the cyclones, and into the atmosphere. With the sound generator operating, 
however, a sound pressure field of over 150 db is produced throughout the tower. 
Initial operations show that, with less than 4 sec exposure, the fine particles are agglom- 
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crated to such a size that over 90 per cent by weight of the acid may be removed 
from the gas stream; about half in the inner walls of the tower, the remainder within 
the cyclones. 

A second example is that of the Ultrasonic Corp. in conjunction with Combustion 
Engineering-Superheater, Inc., of New York. This installation is for the collection 
of soda-ash fumes from the stack gases leaving a recovery boiler in a paper mill. The 
arrangement of parts is similar to that of the first example. Gas flow rate measures 
about 50,000 cfm at 200°F. The fume particles average less than 1 micron. Expo¬ 
sure to the sound field is less than 4 sec. In such an installation, the value of the 
recovered material can be applied against amortization of the equipment cost. 

Combinations of Collectors 

Use of Combination Collectors. In some instances, a combination of an electrical 
precipitator and mechanical collector can be used effectively. For example, com¬ 
binations of the Multiclone and Cottrell systems have been used for collecting fly ash 
from pulverized-coal-fired boilers and for the selective collection of materials from 
cement kilns. 

In a typical operation on a boiler, the Multiclone effectively collects the larger 
sized fly-ash particles and a smaller precipitator collects the smaller sized material 
missed by the mechanical collector. The combination thus results in satisfactory 
over-all collection at less cost than straight precipitation. 

Christie 1 also points to certain potential advantages of locating the precipitator 
ahead of the collector, such as its ability to pick up material lost by rapping when in 
this position. 

Where dust loads are heavy and there is a reasonable percentage of + 10-micron 
material in the dust, it may be advisable to consider a combination unit. In general, 
when the dust loading exceeds 25 grains per cu ft of gas, the precipitator must be so 
efficient to do a satisfactory cleaning job that a combination should be considered. 

Combination Efficiency. In considering collector-precipitator combination effi¬ 
ciency or effectiveness, it should be noted that it is the material escaping that is of 
interest and not the material held. Thus, if two collectors, each with an efficiency of 
90 per cent, are used in combination, their total or combined efficiency would be 99 
per cent. This is by reason of the fact that the second would extract 90 per cent of the 
10 per cent left from the first, to leave only 1 per cent for the exhaust. 

Ultimate Collection and Disposal of Dusts. Dry flue dusts are usually removed 
from hoppers by screw conveyors or other means of ejection. They must be thor¬ 
oughly wetted before placement, usually by mixing with water in a pugmill. Their 
disposal is a serious problem that has not as yet been solved with any real degree of 
satisfaction. About the only current use is as a fill for low areas, and even here they 
arc likely to be carried back into the air by winds or to be washed into streams with 
resultant pollution. 

COMMERCIAL POTENTIALITIES OF SOLID-FUEL REFUSE 

Numerous attempts have been made to convert ash, clinker, and fly ash from coal 
and coke into an asset through finding commercial uses for these by-products of 
combustion. 

Cinder Concrete. Aside from the familiar use of cinders, and, to a lesser extent, 
ash as a medium for fill, undercourses in paving, etc., the most extensive use for solid- 
fuel refuse is as a raw material for cinder concrete. For example, it has been esti*- 
mated that over 500 million cinder brick are used per year. 

1 Loc. cit. 
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Christensen,^ representing the American Concrete Institute, has proposed the 
following specifications for cinders for sand-cinder concrete: 

Cinders, when used for concrete, shall be the product of high-temperature combustion of 
coal and/or coke—known as “industrial cinders,” “boiler cinders,” or “steam cinders,” 
to the exclusion of the residue from domestic furnaces. The cinders shall be well burned, 
free from foreign matter, and so graded from coarse to fine as to produce a cinder concrete 
(or sand-cinder concrete) meeting the strength requirements of the building code. The 
cinders shall contain not more than 35 per cent of combustible content by weight, nor more 
than 0.45 per cent sulphur as sulphide, nor more than 1.00 per cent sulphur trioxide as 
sulphate. 

Soil-lightening Medium. Light ashes, particularly those from domestic anthracite 
and coke, have been used for some time as a medium to break up heavy soils. The 
1938 ^^Agricultural Yearbook^’* says: 

While possessing practically no fertilizing value, coal ashes, when properly sifted and 
incorporated with heavy soils (clays and clay loams in particular), exert a beneficial effect 
on physical condition through improvement of tilth and drainage. Indirectly, therefore, 
coal ashes may prove worth while in the amelioration of heavy soils around the home 
grounds and in small gardens. 

A 2-in. layer of ashes, well worked into the topsoil, is usually a correct amount, with 
as much as 25 per cent ash being needed for the proper conditioning of very heavy soils. 

Mineral Wool from Refuse. Hose and Johnson® proposed the use of anthracite- 
colliery refuse and anthracite ashes as a raw material in the manufacture of mineral 
wool, and described tests conducted to prove the feasibility. A good-quality white 
mineral wool was produced. Lack of acceptance commercially would seem to indi¬ 
cate that manufacturers find the collection and preparation of ash less advantageous 
economically or otherwise than the retention of their present sources of raw materials. 

Lightweight Aggregate. The use of cinder ash for the production of lightweight 
concrete has been extensive. In one instance, a lightweight tongue-and-grooved 
concrete plank for roofs and floors, sold under the name of Cantilite, was approved by 
the City of New York Board of Standards and Appeals. Their approval required 
that the planks be made of cement and anthracite cinders. 

Lelite. While strictly speaking not a product of ash or other refuse from combus¬ 
tion, since it is made from the sintering of a carbonaceous shale refuse from the mining 
operations with anthracite, Lelite is nevertheless a by-product of the coal industry. 
It is a lightweight aggregate, structurally strong, chemically inert, cellular, and 
vitreous. It is marketed in two sizes: No. 8 sand which consists of No. 8 Tyler screen 
and smaller; and, ^-in. size which has a sizing between in. and No. 8 mesh. Prop¬ 
erties claimed are: strength of concrete, 4,000 psi or even more; insulating properties; 
fire-resistant, because of its having been sintered at 2800°F; and chemical inertness. 
Concrete made with Lelite will weigh from 90 to 100 lb per cu ft air-dried. Lelite 
is made by Lelite Materials Co., a wholly owned subsidiary of Lehigh Navigation 
Coal Co., both of Lansford, Pa. 

Commercial Potentialities of Fly Ash. C. M. Weinheimer^ lists the commercial 
potentialities of fly ash as follows: 

1. There are only a few industries that can use the quantity of ash produced by a 
large steam plant. 

1 Christensen, E., Cinders as Concrete AKRregate, J. Am. Concrete Inst., vol. II, February, 1931. 
Also available from American Concrete Institute as a reprint. 

> ScHRiENEB, O., A. R. Merz, and B. E. Brown, Fertilizer Materials, “Yearbook of Agriculture,” 
p. 516, U.S. Department of Agriculture, 1938. 

• Rose, H. J., and R. C. Johnson, Mineral Wool from Anthracite Colliery Refuse and Anthracite 
Ashes, Trans. 3d Ann. Anthracite Conf. Lehigh Univ., p. 45, 1940. 

* Wexnhbimer, C. M., Evaluating the Importance of the Physical and Chemical Properties of Fly 
Ash in Creating Commercial Outlets for the Material, Trans. A8ME, vol. 66, p. 551, August, 1944. 
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Table 14-15. Industrial Survey of Fly-ash Disposal^ 




Can ash be used 


Industry 

Material 
previously used 

Technically 

Com¬ 

mer¬ 

cially 

Remarks ' 

Acoustic, dum dum . 

Slag dust 

Questionable 

Yes 

Too light in weight 

Agriculture: 





Fertilizer. 

Spent sand 

No 

No 

Too fine; spent foundry sand 
delivered for 60 40 per ton 

Soil-amendment agent 

Unknown 

Yes 

Yes 

Probably would not produce any 
revenue 

Alumina . .... 

Bauxite 

Yes 

No 

Uneconomic under present con¬ 
ditions 

Building block: 




Cement block. 

Cement 

Yes 

No 

Detroit market demands light- 
colored block 

Cinder block . . 

Cottrell block ... 


Yes 

Yes 

Yea 

Improved quality of block 

Glazed block 


Yes 

Yes 

Glazed, colored tile for decorative 
work 

Building brick: 





Fired ... 

Clay 

No 

No 

Unsatisfactory product 

Sand lime 

Sand 

No 

No 

Unsatisfactory product, dark color 

Ceramic industry: 





Drain tile 

Clay 

Yes 

No 

No improvement in quality of 

Hollow tile 

Clay 

Yes 

No 

product and cost of manufacture 

Flowerpots 

Clay 

Yes 

No 

increased 

Concrete: 





Transit mixed . 

Cement 

Yes 

Yes 

Improves quality, reduces cost 

Cinder ash. 


Yes 

Yes 

Lightweight concrete 

Floor tile, asphalt tile.... 

Clay 

Yes 

No 

Shipping distance too far. Color 
limitation 

Foundry: 




Core sand . 

Sand 

No 

No 

Too fine; makes a dense core 

Parting sand . . . 

Limestone dust 

Yes 

Yes 

Aluminum and magnesium found¬ 
ries 

Softening point too low for steel 

Facing sand . 

Sand 

No 

Yes 

Hot tops . . 

Calcined clay 

Unknown 

No 

Believed to bo unsatisfactory 

Gaskets . . 

Clay 

Unknown 

Yes 

Believed to be unsatisfactory 

Paint. 

Extender 

Questionable 

Yes 

Lacks covering power; difficult to 
disperse 

Paper. ... . ... 

Clay 

No 

Yes 

Color, no matting properties 

Plastics. . 

Diatomaceous 

earth 

Questionable 

Yes 

Poor quality of product 

Polishing: 





Buffing compound 

Pumice 

1 No 

Yes 

Does not produce desired finish 

Tooth paste 

Whiting 

No 

Yes 

Too hard 

Portland cement, raw ma¬ 





terial. . . . 

Clay 

Questionable 

Yes 

High alumina content is objec¬ 
tionable 

Purification: 





Water filter. 

Sand 

Questionable 


Market small; properly graded 
material required 

Does not produce clarification 

Oil 

Fuller’s earth 

No 

Yes 

Filter aid 

Diatomaceous 

earth 

No 


Does not function as such; wrong 
type of particle 

Zeolite ... 

Zeolites 

Yes 

No 

Small fraction satisfactory; low 
capacity 

Putty: 





Furnace cement 

Whiting 



No information was obtainable 

Sash putty 

Whiting 

Questionable 


Dark color objectionable 

Caulking compound . 

Asbestine 

Questionable 


Dark color objectionable 

Hoad: 





Asphalt 

Limestone 

Yes 

Yes 

Lower cost 

Concrete 

Cement 

Yes 

Yes 

Lower cost; improved product 

Oil aggregate. 

Limestone 

Yes 

Yes 

Lower cost 

Roofing .. 

Hoofing 

Filler 

Unknown 

No 

No market 

Slate granules 

No 

Yes 

Too fine 

Rubber 

Clay^ 

Questionable 

Yes 

Seems to have possibilities 

Soap, mechanic’s .... 

Pumice 

Unknown 

Yes 

Small market; dark-colored soap 

Thermal insulation: 




Insulating cement. 

Calcined clay 

Yes 

Yes 

Improved product 

Loose fill. 

Mineral wool or 
vermiculite 

Yea 

No 

Can be used only in the cells of 
masonry building blocks 


1 WsiNHiiiMBR, C. M., Physical and Chemical Properties of Fly Ash, Trans, ASMEt vol. 66, p. 556, 
1944. 
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2. The ceramic industry, which is a large consumer of clays, is not likely to become 
a user of fly ash because of the cheapness with which clays are delivered to the ceramics 
plants and because the ash does not generally have the proper properties to improve 
the quality of the product. 

3. Certain types of fly ash are satisfactory as mineral fillers in bitumastic road 
construction. 

4. Certain types of fly ash improve the quality of standard concrete, make possible 
a new lightweight concrete, and also open the way to a possible reduction in the cost 
of concrete. 

5. The seasonal load factor of the mineral filler and the concrete markets makes it 
desirable to develop a year-round outlet of large tonnage, such as in the fields of rubber 
or plastic filler. 

6. Regardless of the merits of fly ash as a material, it cannot be sold commercially 
unless the customer’s handling problem is satisfactorily solved. 

7. There will be no fly-ash disposal problem if the sales resistance of the concrete 
industry and the bitumastic-road industry can be overcome. 

EXTERNAL DEPOSITS ON BOILER HEATING SURFACES^ 

The British Boiler Availability Committee has made a very careful study of the 
external deposits on various boiler heating surfaces. Those found in the furnace, on 
the superheater, and in the boiler proper have been classified as high-temperature 
deposits, while those occurring on economizer surfaces and air heaters are termed low- 
temperature deposits. 

High-temperature Deposits 

In the high-temperature region of stoker-fired boilers, three main types of relatively 
hard deposits have been identified, viz., (1) birdnesting, (2) bonded deposits, and 
(3) phosphatic deposits. 

Birdnesting is generally found on the first bank of boiler tubes, although it is 
occasionally encountered in high-temperature superheaters. It is more prevalent in 
older boilers in which the first bank of tubes is set relatively low over the fire or in 
cases where high superheat requires high furnace outlet temperature. It is often 
encountered with pulverized coal. 

The composition of birdnesting deposits is usually similar to coal ash; i.e., it consists 
largely of fly-ash particles bound together as the result of sintering. Deposits of the 
birdnesting type are produced by the sintering or fusion of fly-ash particles which 
have been sticky and adherent at the prevailing temperatures. 

Bonded deposits are characterized by the bonding together of ash particles by some 
sort of cementing substance that softens at relatively low temperatures. They are 
extremely hard and compact and occur generally on superheater tubes, although some¬ 
times also on boiler tubes. In the opinion of the committee, they are the most serious 
with regard to boiler availability. 

Such deposits differ from those in birdnesting in that they contain from 10 to 50 
per cent of material that is soluble in water, the soluble portion being composed 
chiefly of sulphates or bisulphates of sodium and potassium which provide the bonding. 
The bisulphates are more troublesome than the sulphates, partly because they melt 
at lower temperatures and partly because they combine with certain kinds of fly ash 

1 Digest of Interim Report of British Boiler Availability Committee, Combustion, March, 1947, p. 26. 
Walsh, E. F., Protective Coating Prevents Slag on Boiler Heating Surfaces, Power Generation, Chicago, 
July, 1949, pp. 74-75. Pertinent additional references include: Johnstone, H. F., Corrosion of Power 
Plant Equipment by Flue Gases, Univ. Illinois Eng. Expt. Sta. Bull. 228. Yeaw, Jesse S., and Louis 
Shnioman, Dew Point of Fuels containing Sulphur, Power Plant Eng., January, February, March, 1943. 
Harlow, W. F., Causes of High Dow Point Temperatures in Boiler Flue Gases, Engineering, 1943. 
Walsh, E. F., **Some Aspects of the Cause and Prevention of Slag Deposits on the Heating Surface 
of Modem High Pressure Boilers," ASME, spring meeting paper. Now London, Conn., May. 1949. 
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(that formed from pyrites in the coal) to form slaglike aggregates. A number of tests 
revealed that the flue gas in the regions where bonded deposits existed was hot enough 
to cause sintering of the cementing material but not hot enough to soften the fly ash. 
Furthermore, it was observed that the inner layers of the bonded deposits were gen¬ 
erally lighter in color than the outer layers. This was attributed to the fact that the 
inner layers contain a larger proportion of sodium and potassium salts, whereas the 
outer layers are almost wholly fly ash. 

Phosphatic deposits are similar in appearance to the bonded deposits, but they are 
bound together as a result of the chemical attack of the fly ash. This attack is made 
by phosphorus compounds volatilized from the burning fuel. Difficulties from this 
type of deposit were not numerous, however, since only a small proportion of the coals 
encountered contained phosphorus in sufficient quantity to cause such deposits. 

Low-temperature Deposits and Corrosion 

Deposits formed on the heating surfaces of economizers are generally harder and 
more compact the higher the feed-water temperature. They are composed of fly ash 
and condensed substances, together with the products of complex chemical reactions. 
Moreover, the nature of the coal burned seems to have greater effect on the composi¬ 
tion of economizer deposits than it has on the fly-ash type of high-temperature 
deposits. This is especially true where phosphorus is concerned, its compounds often 
having a bonding action on low-temperature deposits. Even the amount of phos¬ 
phorus released from the coal may not be high enough to cause trouble in the high- 
temperature region. 

Economizer deposits range in composition from some that are rich in sulphate but 
contain little phosphate to others that contain a larger proportion of phosphates and 
less sulphate. In general, the richer the deposit in phosphate the less soluble it is, 
and the greater will be the difficulty in its removal. 

All troublesome air-heater deposits are characterized by the presence of free sul¬ 
phuric acid. They tend toward a grayish color which is determined partly by the 
amount of unburned carbon present and phrtly by the size of the fly-ash particles. 

While corrosion in air heaters often results when the temperature in the coldest 
section falls below the dew point of the gases, it may also occur at higher metal tem¬ 
peratures when small quantities of sulphuric acid raise the dew point of the gas to 
300°F or more. 

Composition of Deposits. A significant point resulting from an analysis of many of 
the deposits is that certain of their constituents are present in far greater proportions 
than they are to be found in the coal ash. The most striking example of this concen¬ 
tration of material is shown by phosphorus. The same trends are shown by sodium 
and potassium and to a lesser degree by sulphur. The various materials seemed to be 
formed from substances volatilized from the burning fuel. 

A typical example of selective deposition is the high-temperature deposit bonded 
by a matrix of sodium and potassium sulphates. It has been found that the softening 
temperature of the matrix and the sintering temperature of the deposit generally lie 
between the actual temperature of the heating surface and the gas temperature in the 
vicinity. It is believed that selective deposition caused by the gas and heating sur¬ 
face temperatures may account not only for the production of deposits rich in sodium 
and potassium on boiler tubes, but also for the presence of large proportions of other 
substances in other sections, such as the economizer. 

A study of the volatilization of various materials from the fuel bed showed that the 
sodium and potassium are easily driven off and appear to come principally from areas 
of the fuel bed where the temperature is high and where smoke is absent. While most 
of the sulphur in the gas appears as sulphur dioxide, some of the latter is oxidized as 
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sulphur trioxide, although sulphur trioxide may also be released directly from the 
fuel bed by decomposition of substances such as calcium sulphate. It is believed that 
the sulphur trioxide is not only responsible for air-heater corrosion but also plays an 
important part in the formation of high-temperature deposits. 

Evolution of phosphorus has been found appreciable only when there are chemical 
reducing conditions in the fuel bed, and when temperatures are sufficiently high. 

Various chemical changes appear to take place in the vapor phase before the con¬ 
stituents concerned are finally deposited as sulphates, bisulphates, phosphates, or 
sulphuric acid. The study of such changes, particularly the mechanism by which the 
sodium and potassium combine with sulphur and with oxygen to form the bonding 
material of high-temperature deposits, suggests that the process involves reaction of 
the sodium and potassium vapors with sodium trioxide. Subsequently the sulphates 
or bisulphates are deposited on the boiler heating surfaces where they produce the 
white inner layer of the material that is so characteristic of such deposits. This 
layer, which contains little ash and a large proportion of material soluble in water, 
provides a foundation for the deposition of additional solid or semisolid particles. 

Catalytic Action by Rust 

Investigation has shown that sulphur trioxide may also be formed by catalytic 
oxidation of sulphur dioxide on the boiler surfaces, particularly on the superheater 
where it is at the necessary temperature. Results which have been published indicate 
that the rust on superheater tubes, and to a lesser extent, deposits on them, are 
catalytic at the temperatures encountered in modern boilers. 

Another fact that seems to be well established is that there is less trouble with high- 
temperature deposits when there is adequate turbulence of the combustion gases in 
the furnace. 

It has been proved that boilers burning coal containing much chlorine suffered 
severely from high-temperature deposits; also, that deposit trouble and particularly 
air-heater corrosion was bad when coals of high sulphur content were burned. 

In examining deposits from plants that burn only coals rich in phosphorus, but low 
in sulphur and chlorine, it was concluded that such coals can best be burned in pul¬ 
verized form, and with good availability in traveling-grate stokers, but that rapid 
development of phosphatic deposits may be incurred if they are burned on retort 
stokers. This was explained by the fact that the amount of phosphorus available for 
the formation of deposits seems to be related to the temperature of the fuel bed and to 
the reducing or oxidizing conditions that exist, and combustion on retort stokers is 
under relatively reducing conditions. It was suggested that similar trouble might 
arise on traveling-grate stokers if too deep a fuel bed were carried or if the air supply 
was not uniform. (Experience with anthracite has indicated that dirty or contami¬ 
nated coal, such as yard screenings, is apt to cause the formation of deposits, as is 
poorly sized coal.) All flue dusts examined from pulverized-coal-fired boilers con¬ 
tained very little phosphorus. Coals of medium phosphorus content (about 0.02 per 
cent) were not found to be associated with troublesome phosphatic deposits. 

Protective Coating to Prevent Slagging^ 

Rylands and Jenkinson* observed a period of ^‘immunity with new boiler installa¬ 
tions of from 6 to 12 months. During this time, a film of scale is assumed to build 
up slowly on the surface of the metal, after which the action is very much accelerated. 
Various investigators have found this film to be ferric sulphate or ferric oxide. As 

1 Walsh, E. F., Protective Coating Prevents Slag on Boiler Heating Surfaces, Power Oeneration, 
Chicago, July, 1949, pp. 74-75. 

> Rylands, J. R., and J. R. Jbnkinson, Bonded Deposits on Economizer Heating Surfaces, Engi¬ 
neering, 1943. 
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this is a powerful catalyst in the oxidation of SO2 to SOj, the production of sulphuric 

acid becomes much more accelerated from this time on. 

Recognizing the importance of this period of initial immunity, Walsh coated the gas 
surfaces of two boilers with lime slurry and secured entirely effective results. 

Walsh first neutralized the metal surfaces before applying the lime by an 8-hr spray 
with soft water from a hot-process softener, having a pH value of not less than 11 and 
a PO 4 content of not less than 10 ppm. The slag absorbed sufficient water to dissolve 
the binder between the metal surfaces and the slag, making it easily removable. After 
all the slag was removed, the metal surfaces were washed with alkaline water until the 
acid in the pores of the metal was completely neutralized. The same treatment was 
given to the induced-draft fans, air preheaters, and duct work. A lime slurry was 
then prepared by dissolving hydrated lime in water to a consistency that could be 
sprayed with a commercial paint gun. All metal surfaces were thoroughly coated. 
Walsh reported a year of operation on one boiler and 16 months on another “without 
any appreciable deposits.^* The absence of the usual acid paste in the duct work was 
also noted. 
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® All comparisons are made on a direct Btu basis without corrections for possible differences in efficiency. 

Example. To find the gallons of No. 2 fuel oil equivalent to 1 ton of anthracite, find the 1 in the anthracite column and follow across to the No. 2 oil column, 
where it will be seen that 183.4 gal is the direct fuel equivalent. 
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Table 16-2. The Conversion of Various Fuels to Standard Unita^ 


Fuel 

Solid Fuels (by weight): 
Coal (standard) 

German coal .. 
German lignite . . 
Czechoslovakian lignite. 
Other lignite .. . 

Coal briquettes .. 
Lignite briquettes 
Coke . 


1 “Energy Resources of the World,’ 


Unite of 
Standard 
Fuel per 
Unit of 


Units of 
Standard 
Fuel per 
Unit of 

Indicated 

1 

Indicated 

Fuel 

Fuel 

Fud 

. 1 00 

Li^d Fuels (by weight): 

Crude petroleum, shale oil, benzol. 

. 0 97 

and their derivatives (standard) 

. 1.00 

. 0 31 

Natural gasoline 

. 1 00 

0 68 

Motor alcohol 

.. 0.52 

. 0 387 

1 00 

Gaseous Fuels (by volume): 

Gashouse gas (standard). 

.. 1.00 

0.67 

Coke-oven gas. 

1 00 

. 0.833 

Natural gas 

2 24 

Refinery gas. 

Blast-furnace gas . 

p. 124, U.S. Dept. State Pub. 3248, June, 1949. 

2 91 
. 0 19 


Table 16-3. Assumed Input-Output Relationships for Various Types of Fuel-burning 

or Processing Plants^ 


Type plant 

Input 

Output 

Briquetting . . . 

Him 


Coke and gas plants: 



Coke ovens . 


0.74 ton of coke 

9,588 cu ft of gas 

Gas plants . 



Oil and shale plants: 


Oil refineries . 


0.80 bbl refined fuels 

Shale distilleries . 


0.067 ton shale oils 

Electric power plants: 



Coal . 


1.52 thousand kwhr 

Lignite , . 


0.59 thousand kwhr 

Lignite briquette. 


1.01 thousand kwhr 

Fuel wood . 


0.125 thousand kwhr 

Fuel oil .... 

9 % ^9 MB ■!li^ 

2.24 thousand kwhr 

Natural gas 


0.63 thousand kwhr 

Manufacturmg gas 


0.28 thousand kwhr 


* These figures are based on the assumptions used in “Energy Resources, of the World,” U.8. Dept, 
State Pub. 3428, 1940. They are intended for use in estimating only where more accurate or applicable 
figures are not available and cannot be obtained. 


Table 16-4. Estimated Transportation Cost for Various Fuels^ 

Petroleum, mils per ton-mile 


Tank truck (short haul, less than 100 miles) 

-- 


Tank truck (long haul, more than 150 miles). 

15 

9 

Railway tank car, 724 mils loading cost plus 

Piixj line (high estimate) 

8 

6 

. . 4 

76 

Pipe line (intermediate estimate). . . 

3 

18 

Pipe line (low estimate) . . 

. . 0 

84 

Tanker (high estimate)... . . ... 

1 

38 

Tanker (low estimate) 

0 

69 


Coal 



Loading, 
cents/ ton 

Mils/ 

ton-mile 

Rail (hopper car. United States avg). 

68 

7 14 

Barge (long haul, Mississippi system). 

33-35 

2 09 

Great Lakes vessels . 

50 

0 48 

Overseas vessels (low rate) . 

50 

0 40 

Overseas vessels (normal®) 

50 1 

1 00 


Electricity,** mils per kilowatt-hour 



30 miles 

150 miles j 

300 miles 

Load factor, 40 per cent . 

0 85 

1 69 1 

2 85 

Load factor, 50 per cent 

0 58 

1.18 j 

2 61 

Load factor, 60 per cent . 

0 47 

1 15 

2 37 

Load factor 100 per cent. . . . 

0 35 

0 77 1 

1 53 


1 “Energy Resources of the World,” U.S. Dept. State Pub 3428, June, 1949. All figures shown are 
based on data or estimates made prior to the Second World War (about 1937) and should thus be revised 
upward for current use. Except as noted, loading costs are included. 

« Assuming a “normal” rate of $7 per ton, Norfolk to Buenos Aires. Overseas costs vary widely 
with the type of transportation and with the intensity of competition for freight cargoes. 

** Estimates are based on the delivery of 1 billion kwhr annually and include fixed and operating 
charges (at 14.5 per cent) and line and substation losses of 2.5, 2.25, 2.10, and 2.0 mils for the 40, 50, 
60, and 100 per cent load factors, respectively. 
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Fig. 15-1. Comparative fuel costs. C* Hauck Industrial Combustion Data” Hauck Mfg. Co., Brooklyn.) 
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DESIGN APPROACH FOR A FUEL-BURNING PLANTS 

The intelligent approach to boiler-plant design demands a thorough survey of the 
fuels available in the location of the plant. The results of this survey will form a firm 
foundation on which to design the plant. Once the fuel has been determined, the 
science of plant design is well enough established to make it a relatively simple matter 
to design the plant on a guaranteed performance basis. 

The more prevalent practice of building the plant first and then looking for a fuel 
or type of coal results in huge annual loss to industry. On the whole, large plants, 
because of the greater initial investment, are more careful of their fuel future than 
smaller plants; this is wrong as in the aggregate small plants burn much more coal 
than the larger plants (in one survey of 5,000 plants the average horsepower of mechan¬ 
ically fired boiler units was found to be only 300). 

The outline following shows the successive steps which should be taken when a new 
power plant is contemplated as recommended by the Coal Bureau of the Upper 
Monongahela Valley Coal Association. It also gives a brief description of the major 
factors affecting the design of combustion equipment and the selection, valuation, and 
purchasing of fuel for steam-generating purposes. 

Factors in Choosing a Fuel for a Contemplated Plants 
I. Bituminous-coal selection. The fuel investigation, considering competitive 
coals, should give weight to the following factors before a final decision is reached. 

1. Cost of coal production, the major factor in determining cost of coal at the 

mines. 

2. Delivered cost of Btu as fired, including transportation, is a governing 
factor in the modern steam plant. 

3. Market-price history and trends are a guide to future price relationships. 

4. Resources or unmined reserves should be extensive to assure future supplies. 

6. Relative availability under both normal and unusual circumstances or 

demands, particularly important in boom or wartimes. 

6, Long-range government conservation may be applied to limited reserves 
of scarce coals, especially when they are in demand for specific essential uses. 

II. Prospective fuel supply. 

1. Primary selection of one or more coals (by seams) in a producing region 
satisfies the major requirements developed under section I. 

2. Secondary selection of one or more coals in another producing region which 
offer the best long-range competition for the primary selection. 

3. Prepare a fuel specification to include the utilization of both the primary 
and secondary fuel, so that the plant to be built may utilize the range of quality and 
variation in performance characteristics of the sizes and grades that will be adaptable 
to the plant’s anticipated load conditions. 

III. Coal specification factors for use in design. 

1. Sizes and grades for economical and satisfactory performance. 

2. Chemical quality. 

o. Uniformity of chemical quality, range (maximum-minimum). 

b. Proximate analyses, including sulphur, Btu, and ash-softening tempera¬ 
ture. 

c. Ultimate analyses. 

d. Ash analyses. 

3. Physical characteristics. 

o. Friability, resistance to degradation. 

^ Coal Bureau, Upper Monongahela Valley Association, Ref. Bull. 3, New York. 
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•6. Grindability, relative ease of pulverization. 

c. Size consist. 

d. Storage obaracteristics. 

4. Performance characteristics. 

a. Coking and caking tendency. 

h. Clinkering and slagging characteristics. 

c. Corrosive characteristics. 

d. Ignition characteristics. 

IV. Selection and purchase of combustion equipment. After the fuel investiga¬ 
tion has determined what coal should be used, and the study determines the primary 
and secondary sources of supply, the fuel specification is written as a guide for the 
design of combustion equipment, which will permit flexibility in utilization, selection, 
and purchasing of coal. 

1. Complete coordination of design must include transportation, unloading, 
handling, crushing, combustion equipment, and refuse disposal. 

2. Confidence, reliability, and experience of the equipment manufacturer are 
major factors in selection. 

3. Utilization and purchasing latitude are determined by basic design. 

4. Availability of skilled or imskilled labor should be considered apart from 
basic economic factors. 

5. Operating reliability is a major factor in (;ost (minimum outage). 

6. Dollar efficiency (over-all cost per thousand pounds of steam) is more 
revealing than the efficiency of Btu conversion. 

7. Capital investment is justification through long-range planning for dollar 
efficiency, not minimum first cost. 

Fuels Selected for New Central-station Boilers^ 

Figure 15-2 shows the choice of fuel for 102 central stations reported by Power as 
being installed or planned between September, 1946, and June, 1947. Of the 102 

Pulverized 
coal only 

Oil only 
Gas only 

Oil and gas 

Pulverized 
coal and oil 
Pulverized 
coal and gas 
Pulverized coal, 
oil, and gas 
Crushed coal, 
cyclone burner 

Traveling grate 
Spreader stoker 

O 10 20 30 40 50 60 

Fig. 15-2. Fuel selection of new central stations, *1946 to 1947. (“jPower’* survey, June, 
1947.) 

boilers, 59 are pulverized-coal fired, 12 oil fired, 8 gas fired, 7 stoker fired, and the 
remaining 16 are ftred by a combin^ion of fuels. 

^ Power, June, 1947. 
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Table 16-6. Selection of Bunting Equipment by Industry'dasaification* 


Industry 

^.Type of firing..seleoted 

Pulverizers 

Spreader 

stokers 

Traveling 
* grates, 

Underfeed 

stokers 

Total 

Iron and steel . 

4 

2 

2 


8 

Food and kindred products . 

1 

16 

^ . 

i . 

18 

Chemical and allied products... 

10 

22 

1 

3 

36 

Paper and allied products. 

20 

16 

2 

1 

39 

Textiles, fabrics, and their products 

5 

2 

1 

1 

9 

Automobile and accessory parts 

9 

22 


2 

33 

Locomotive and railroad equipment 

3 


2 


5 

Rubber products 

3 

i 



4 

Public utilities 

33 

7 

3 


43 

Municipal utilities 

5 

8 

1 

2 

16 

Distilled spirits and brewing 

9 




9 

Educational institutions .. .... 


2 


. i 

3 

Totals 

~ ’l02~ 

98 

12 

11 

223 


1 Tohey, J. E., “A Fuel EnKineerinR Study of Some Recent Boiler Installations»” A8ME annual 
meeting, New York, Dec. 3, 1946. Based upon an analysis of 264 boiler units contracted for in 1946- 
1946 in the Northeastern United States and Great Lakes region only, and ranging in size between 15,000 
and 1,000,000 lb per hr. 


Table 16-6. Comparative Annual Costs per Kilowatt of Net Plant Capacity^ 

(With various steam pressures. Based on the ultimate installation of four 75,000-kw, 1,800 RPM 
single-cylinder turbine generator units) 


Psig 

Temp, deg F 

Annual capacity factor, per cent 

5 

10 

20 

40 

60 

80 

100 



Fuel at $0.90/bbl 

400 

750 

1 

7.92 

8 65 

10 10 

13 00 

15 92 

18 83 

21.73 

650 

825 

7.92 

8.60 

9.97 

12 67 

15 41 

18 13 

20 86 

850 

900 

8 09 

8 74 

10 05 

12.66 

15.28 

17.89 

20.01 

1,250 

900 

8 31 

8 96 

10 24 

12 81 

15 37 

17 94 

20.01 



Fuel at $1.00/bbl 

400 

750 

8.07 

8 88 

10 49 

13 72 

16.96 

i 

2Q 19 

23 42 

650 

825 

8.07 

8.82 

10.34 

13.36 

16.39 

19.41 

22.44 

850 

900 

8 23 

8 95 

10 41 

18.31 

16.22 

1^.12 

22.03 

1,250 

900 

8 45 

9.17 

10 59 

13 45 

16 30 

19 15 

22.01 



Fuel at Sl.lO/bbl 

400 

450 

8.22 

9.11 

10 88 

14 44 

18 00 

21 57 

25 11 

650 

825 

8.22 

9.04 

10.71 

14 05 

17 37 

20.69 

24.02 

850 

900 

8 37 

9 17 

10,77 

18.96 

17.16 

20.35 

28.50 

1,260 

900 

8 59 

9 38 

10 94 

14 09 

17.23 

20.36 

28.01 


Note: Bold-face numbers are lowest in cost for each capgtcity factor. 

1 Rowsb, William O., Some Features of the Harbor Steam Plant of the Los Angeles Bureau of Power 
and Light, Mech. Eng., November, 1942, pp. 773-776. 
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Of interest are two boilers reported to be fitted with cyclone burners similar to the 
experimental installation at Calumet Station, of the Commonwealth Edison Co. 

Installations for pulverized-coal burning are designed 70 per cent with dry bottoms 
and 30 per cent with slag taps. 

Furnace heat releases for all types of firing average about 22,000 Btu/hr/cu ft. 
For pulverized-coal firing, they average slightly less than 20,000 Btu/hr/cu ft, with 
the highest 26,600 Btu and the lowest 12,300. 



Fig. 15-3. Effect of steam pressure on various cost items of turbine-steam plant of four 
75,000-kw units. {Rowse^ William C., Some Features of the Harbor Steam Plant of the Los 
Angeles Bureau of Power and Light, Mech. Eng,, November, 1942, pp. 773-776.) 

About 54 per cent of the steam generators have both air heaters and economizers, 
45 per cent have air heaters only, and only about 1 per cent have no auxiliary heating 
surface. Tubular air heaters predominate with 55 per cent; 41 per cent are of the 
regenerative type; and the remaining 4 per cent, the plate type. 

Economic Effect of a Range of Pressures and Temperatures 

Figure 15-3, as based on a study by W. C. Rowse,^ compares the effect of a range of 
steam pressures and temperatures at the throttle of the same 75,000-kw steam-turbine 

1 Howsb, William C., Some Features of the Harbor Steam Plant of the Los Angeles Bureau of Power 
and Light, Mech, Eng,, vol. 64, No. 11, pp. 773-776, November, 1042. 
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generating units. It shows (1) that, while the investment cost advances at an increas¬ 
ingly rapid rate as the steam pressure and temperature are increased, the fuel consump¬ 
tion goes down at a decreasing rate; (2) that the operation and maintenance expense 
is practically uniform for all pressures; and (3) that the power required by auxiliaries 
increases with the rise in steam pressure. 

In Table 15-6, which is a report of the same study, boldface numerals indicate the 
most economical steam conditions over a range of annual capacity factors from 5 to 
100 per cent. 

FACTORS IN THE PURCHASE OF COAL^ 

In order to establish some values for coal selection, considerable work has been done 
by the Coal Committee of the National Association of Purchasing Agents. For 
example, their Bulletin 21, Factors Recommended for Consideration in the Selection 
of Coal, which has been reproduced in its entirety (Tables 15-10 to 15-19), is a most 
comprehensive correlation between all practical coal characteristics and several 
hundred factors of use in various industries and on different equipment in several 
conditions of design and repair. However, as Gehring points out, there can be no 
single standard of coal selection because of the extreme complexity of both the fuel 
and its uses. In all cases in the purchase of coal for fuel, the important element is to 
obtain the largest number of heating units per unit of cost. To this end Tables 15-7 
and 15-8, with accompanying text, have been prepared as an approximate guide to a 
determination of the true ‘^isc valueof a fuel. Among the important points that 
these show is that the true value of a coal is directly affected by such secondary factors 
as freight rate which can so change the economics that a coal that proved most 
advantageous in one location might be economically unsuited to another. In addi¬ 
tion, even the cost is not absolutely controlling because of the necessity of taking into 
consideration the applicability of the coal in the particular utilization equipment and 
conditions available. To aid in an evaluation of this factor, a considerable amount 
of material on coal selection has been included in the several discussions of individual 
equipment in this volume. 

The only true way to evaluate coal is by test in your own equipment. Unfort\i- 
natcly, tc^sts sufficiently complete as to be conclusive are very costly, but approximate 
results can b(* o])tained by trying a few cars and observing such factors as appearance, 
how it unloads, and how it operates from a firing standpoint. Satisfactory results by 
this method, however, are not necessarily indicative of the best economy. Some coals, 
capable of excellent performance, may be high in ash, low in heat value, and really 
expensive in terms of cost per million Btu. A further problem in connection with 
plant trials is to be sure that the coal under consideration is not being mixed with the 
previous fuel, such as in the bunkers or at other storage or handling points. This 
iisually presents a serious problem when the coal is received by barge since, unless a 
full barge of at least 18 or 20 cars is accepted and loaded simultaneously, segregation 
to the point of securing a dependable test will be virtually impossible. 

In general, a great deal of unnecessary work of testing can be eliminated by com¬ 
paring or evaluating the coal or coals offered against coals whose quality and perform¬ 
ance are definitely known. If the analysis of the coal offered indicates that it can 
probably be used, the buyer can determine quite readily whether or not it would be 
worth while to test the coal. 

Coal Analyses. One of the serious problems confronting a coal buyer is to secure 
sufficient reliable advance information to enable a determination of the relative 
reliability of the coal. The usual qualifications offered on behalf of any particular 

* From Gehuinq, William H., “ How to Buy Coal and Fuel Oil,” National Association of Purchasing 
Agents. 
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coal are mine name, location, coal seam mined, railroad connections, and analysis. 
Unfortunately, coal seams are not uniform, and coal from a given scam at one loca¬ 
tion may differ quite materially from another coal mined in the same seam a short 
distance away. The seam identification, however, may give some indication as to 
the nature of the coal. The best indicator is the analysis, although those used by 
salesmen are only too frequently back-dated to the point of being ancient. Three 
precautions should thus be Tised before ac(;epting a coal analysis for consideration: 
(1) ask for the date or approximate date of the sample; (2) be sure that the analysis 
given is one for commercial coal as loaded on cars, as distinguished from a mine or 
face sample which may be considerably different because of having been secured from 
the heart of a coal seam; (3) rough check the analysis by comparing it with Bureau of 
Mines, or equally reliable, determinations from the same lo(;ality (a section on coal 
analysis is included in Chap. 4). 

If any factor of the analysis presented is very far out of the range given for the 
locality in question, it can at least be regarded with caution. Further, several items 
of an analysis are roughly correlated for all coals; thus the higher the Btu, tlie lower 
the ash; carbon is a function of the ash and volatile; and ash fusion, eoking, caking, and 
other such general characteristics are very likely, although by no means always, apt 
to follow the region of mining (a section on the g(‘ographi(ial (characteristics of coals 
will be found in Chap. 4). A little experience followed by carc'ful examination of sub¬ 
mitted analyses should soon teach a buyer to weed out authentic analyses from syn¬ 
thetic or careless versions. 

Sampling Coal. As has been inferred, face or mine samples are all but meaningless 
to the prospective purchaser; spot car samples arc also analogous to judging a box of 
strawberries by the top layer. The best method of obtaining a representative sample 
is from the coal in motion on a convccyor b(4t. 

Buying Coal on Contract. Coal contracts should include icUmtity of the coal and 
specification of size, price, shipping point, and railroad. While it is also well to include 
provisions concerning quality, penalty and bomis clauses very frequently boomerang 
and are generally disliked by both coal operators and shrewd purchasers. Wage 
clauses are also customary, allowing increases or decnnises in proportion to c.hanged 
labor costs. 

Supply and Storage. It is not possible to prescribe ac.c.urate limits as to the quan¬ 
tity of coal which should be purchaseni from each supplier, or how many suppliers 
should be selected to furnish the coal recpiirenumts. These factors are largely depend¬ 
ent upon the total quantity of coal required, the capacity of the supplying mine, 
the responsibility of the coal producer, and the storage capacity and habits of the 
plant. It is of importance to note that many interruptions of production in mining 
are purely local in nature and do not cover the entire industry. Thus several sources 
of supply are much less likely to be interrupted than one; the importance of this to the 
plant, however, depends on the storage factors mentioned (proper methods of storage 
will be found in Chap. 18). 

Comparison of Coals Having Different Ash Contents 

In comparing coals of different ash content, a number of factors should be con¬ 
sidered, including (1) possible effect upon plant performance and efficiency, (2) ability 
to handle the increased quantity of the higher ash coal which will be needed, (3) gross 
and net effect on the cost of coal and freight, and (4) ability and cost of handling the 
increased amount of ash and refuse. 

The magnitude of the effect of higher ash C(mtent on plant performance varies 
greatly with such factors as load, type of equipment, and basic plant design. For 
example, if the plant was originally designed for relatively high ash coal, its operation 
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will be usually but little, if any, affected by changes in ash content within reasonable 
ranges; if the plant design contemplated low-ash coal, however, there may not be a 
sufficient reserve capacity to handle the greater bulk of coal required. Naturally, a 
great deal also depends on the magnitude of the difference in the ash content of the 
two coals. It is thus virtually impossible to generalize, although, under the individual 
discussions of equipment elsewhere in this book, the effect of changes in ash content is 
usually discussed. 

Likewise, ability to handle incr(;ased quantities of a higher ash coal together with 
the augmented amount of ash and refuse depends entirely upon the individual plant. 
Nevertheless, it should be carefully considered with particular reference to any 
increased costs for either equipment or personnel which may be involved. 

Increased Quantity of Fuel Required. The principal and most important difference 
in the purchase of lowcir ash coal lies in the fact that, even at the same efficiency, 
increased amounts of coal must be bought transported, handled, and fired in order to 
deliver the same number of heat units, or Btu, to the boilers. 


Table 15-7. Increased Cost of Coal or Freight Due to Purchase of Higher Ash 

Coal 

(Body of table in cents additional cost per ton replaced) 


Percentage points 
difference in 
ash contents 



Price of coal or freight (dollar.s/net ton) 



2.50 

3.00 

3..50 

4.00 

4.50 

5.00 

5.50 

6.00 

6.50 

1 

3 0 

3 6 

4 2 

4 8 

5 4 

6 0 

6 6 

7 2 

7.8 

2 

6 25 

7 5 

8 75 

10 0 

11 25 

12 5 

13 75 

15 0 

16 25 

3 

9 5 

11 4 

13 3 

15 2 

17 1 

19 0 

20 9 

22 8 

24 7 

4 

12 75 

15 3 

17 85 

20 4 

22 95 

25 5 

28 05 

30 6 

33 15 

5 

Ifi 25 

19 5 

22 75 

26 0 

29.25 

32.5 

35.75 

39.0 

42 25 

6 

19 5 

23 4 

27 3 

31 2 

35 1 

39 0 

42 9 

46 8 

50 7 

7 

23 0 

27 0 

32 2 

30 8 

41 4 

46 0 

50 6 

55 2 

59 8 

8 

20 5 

31 8 

37 1 

42 4 

47 7 

53 0 

58 3 

63 6 

68 9 

9 

30 25 

36 3 

42 35 

48 4 

54 45 

60 5 

66 55 

72 6 

78 65 

10 

33 5 

40 2 

46.9 

53 6 

60.3 

67.0 

73.7 

80.4 

87 1- 

11 

37 0 

44 4 

51 8 

59 2 

66 6 

74 0 

81 4 

88 8 

96 2 

12 

40 5 

48 6 

56 7 

64 8 

72 9 

81 0 

89 1 

97 2 

105.3 

13 

44 25 

53 1 

61 95 

70 8 

79 65 

88 5 

97 35 

106 2 

115.05 

14 

47 5 

57 0 

60 .5 

76 0 

85,5 

95 0 

104 5 

114 0 

123‘ 5 


Example: Assnim* that a 10 i)cr cent ash coal is bcin#; bouRht for $4.50 with $4 00 freight, and that 
a change is made to 13 jier cent ash coal with the same cost and freight rate. The percentage points 
difference is 3 (13 — 10) for wliich the table shows that the amount of coal which will have to be pur¬ 
chased to equal the former heat value will cost 17.1 cents more per net ton and that the freight will be 
15.2 cents more, a total of 32.3 cents per ton more for the same heat value. To this must be added the 
increased cost of handling the higher ash coal at prevaihng plant costs. 


In those rare cases where the volatile matter and all other characteristics of the two- 
coals arc the same, the relation between the quantities required on account of dif¬ 
ferent ash contents may be expressed by the following formula: 


Tons of higher ash coal recpiired to replace 1 ton of lower ash coal 


100 - At 
100 - Ak 


where A; = per cent ash in lower ash coal 
Ah = per cent ash in higher ash coal 

Example: Given a 20 per cent ash and a 10 per cent ash coal (of the same volatile), the 
above equation gives a result of 1.125 to indicate that 1.125 tons of the higher ash coal would 
be required to replace each ton of the lower ash coal. 
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Where actual Btu values for the two coals in question are available, it is preferable 
to use them instead of the above formula; otherwise this will provide a good approxi¬ 
mation of the relative quantities of fuel required. 

The ratio as obtained either from the formula or from a direct comparison of Btu 
may next be applied to both the per ton cost of the fuel and to the freight rate to deter- 


Table 16-8. Per Cent Increase in Coal Required Due to Increased Ash Content 

(Based on actual heat value of coal at various ash percentages rather than upon mathematical relation 

alone) 



Example: If a 9 per cent ash coal has been used and a 10 per cent ash coal is contemplated, the chart 
shows that 9.2 per cent more coal will have to be bought, transported, and handled to furnish the same 
heat value as formerly. 


Table 16-9. Approximate Heat Value of Anthracite with Various Volatile and Ash 

Contents 

(Figures in body of table are Btu, dry basis) 





Volatile matter, per cent, dry basis 



Ash content, per 








cent, dry basis 

3 

4 

5 

6 

7 

8 

9 

8 

13,050 

13,750 

13,825 

13,910 

14,000 

14,100 

14,200 

9 

13,500 

13,575 

13,060 

13,7.50 

13,8.50 

13.9.50 

14,040 

10 

13,310 

13,420 

13,.500 

13,.580 

13,670 

13,760 

1.3,860 

11 

13,100 

13,250 

13,350 

13,420 

13,.500 

13,600 

1.3,690 

12 

13,000 

13,090 

13,170 

13,2.50 

13,.340 

1.3,430 

1.3,.520 

13 

12,830 

12,900 

13,000 

13,090 

1.3,170 

13,2.50 

13,350 

14 

12,670 

12,750 

12,820 

12,910 

13,000 

1.3,090 

13,180 

15 

12,500 

12,590 

12,075 

12,750 

12,830 

12,910 

13,000 

16 

12,350 

12,425 

12,500 

12,.580 

12,660 

12,7.50 

12 870 

17 

12,200 

12,275 

12..350 

12,420 

12,500 

12,.575 

12,660 

IS 

12,050 

12,125 

12,200 

12,260 

12,3.50 

12,420 

12,500 

19 

11,900 

11,950 

12.0.50 

12,100 

12,180 

12,260 

12,340 

20 

11,750 

11,800 

11,900 

11,950 

12,020 

12,100 

12,180 


mine the change in the dolivcuod price of the coal. On a percentage basis, the change 
will remain fixed. Thus if, as is shown graphically in Table 15-8, 13.4 per cent more 
coal will be required if it contains 20 per cent than if it contains 10 per cent ash, this 
13.4 per cent increase in cost will apply regardless of the coal price or freight rate. 
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However, it is important to note that the dollar increase in both coal costs and freight 
rises in direct proportion to the unit cost of either. Thus, for the example given 
of 20 and 10 per cent ash, if the freight rate is $2.50 per ton, an equivalent amount of 
20 per cent ash coal will cost 33.5 cents more for transportation, but if the freight rate 
is $5, it will cost 67 cents more. While this is a very obvious relationship, it is stressed 
here because of its importance; viz.^ if the plant had been at a $2.50 rate from the mine, 
only 33.5 cents more could have been afforded for the 10 per cent ash coal before the 
cost of the two was equalized; but, if the plant had been located at a $5 freight dis¬ 
tance, up to 67 cents could have been paid for the better coal without any chance in 
loss in annual operating cost. 

Table 15-7 shows the increase in cents for various differences in ash contents. 

Relative Importance of Factors in the Selection of CoaP 

Acting with the cooperation of the National Association of Pun^hasing Agents, Sub¬ 
committee VI^ of the ASTM prepared a tabulation of the various physical and chemi¬ 
cal factors which affect the selection of coal. 

This was combined with a tabulation showing the various industrial and domestic 
uses of coal, subdivided ac(!ordmg to distinct types of equipment and conditions of use 
which might affect coal selection. The resultant seven coal selection charts are repro¬ 
duced as Tables 15-10 to 15-19, inclusive.^ 

Due consideration was given to the assignment of numerical values or actual speci¬ 
fication to each space on the chart but was rejected for several reasons. The matter 
of securing committee agreement on specifications for more than 7,000 separate items 
was by no means the only problem. More important is the fact that no ready-made 
classification or set of specifications (;an possibly replace the judgment and resource¬ 
fulness of an experieiKied c.ombustion engineer or fuel technologist, or the usual need 
for full-scale plant tests under the exact conditions of use before a final decision is 
made. 

Attention is called to the fact that those who filled in the questionnaires were asked 
to do this on the basis of the technical factors involved, without regard to economic 
factors such as the kinds and prices of coals available in various territories, freight 
rates, etc,. Obviously, the economic fac.tors existing at each individual consuming 
point must always be (considered when coal is selected. 

These charts have been drawn up for average conditions, and, when applying them, 
a corrective factor may have to be applied, especially to allow for new developments 
in combustion engineering. For example, it will be noted from Table 15-12, “Sta¬ 
tionary Steam Generation, Stoker-fired,^' that, in the case of underfeed stokers, the 
importance of fusing point of ash for most of the combustion variations is one grade 
less when water-cooled tuyeres are used. 

The (charts in their present form will be a helpful guide both to the consumer who 
wishes to know what coal characteristics should be considered in order to make the 
proper selection of coal for his particular needs, and to the coal producer who wishes 
to rca(ch those markets for which his products are best suited. It is not claimed that 
the ratings on the charts are accurate in every detail, but they do represent, in each 
instance, the average present opinion of a number of fuel technologists. Space has not 

1 “Factors Recommended for Consideration in the Selection of Coal,” issued by National Committee 
on Coal of the National Association of Purchasing Agents, Thomas W. Harris, Jr., chairman, 1936. 
Reprinted by permission of the copyright owners. 

“ The Technical Committee on Classification of Coal is a working committee of the American Stand¬ 
ards Association Sectional Committee on Classification of Coal, which is sponsored by the ASTM. 

3 Briefly summarized, the method of compiling the charts consisted of sending blank forms or ques¬ 
tionnaires to a carefully selected group of technologists for their composite opinion of the importance of 
each factor and subdivision. The committee, in compiling the replies, carefully weighted them accord¬ 
ing to the experience of the correspondents in each respective field. 
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permitted the inclusion of every coal-selection factor. For example, ultimate analysis 
has not been included, although it has had successful use for special coal-selection 
purposes, and is also used in heat-balance calculations; nor has it been possible to show 
the influence of the factors upon each other. 

The data have btien arranged in the form of ten charts, as follows; 

Table 15-10, Stationary Steam Generation, Hand-fired Bituminous 
Table 15-11, Stationary Steam Generation, Hand-fired Anthracite 

Table 15-12, Stationary Steam Generation, Spreader, Overfeed, and Underfeed Stokers 
Table 15-13, Stationary Steam Generation, Traveling- and Chain-grate Stokers 
Table 15-14, Stationary Steam Generation, Pulverized-coal and Dry-Bottom Types 
Table 15-15, Stationary Steam Genoiation, Pulverized-coal and Wet-bottom Types 
Table 15-16, Coke and Gas Making 
Table 15-17, Ceramic Products 

Table 15-18, Miscellaneous, Cement Burning, Lime Burning, Locomotive Fuel, Metal¬ 
lurgical, Foundry Facings, Colloidal, Industrial Processes 
Table 15-19, Domestic, Cargo, and Bunker 


Detailed Reference Notes and Their Identifying Symbols 

(For Tables 15-10 to 15-19) 

All notes appearing on any coal selection chart are included in the following list, and carry symbols 
identical with those appearing on the charts. 

a. Factors in coal selection are necessardy limited by the delivered cost to consuming points on an 
economic basis of coals available in the various territories in the ITnited States and Canada which have 
been subdivided in a paper presented before the AIME in February, 1933, on “Use Classification for 
Stationary Steam Generation” as follows: 

1. Eastern New England 

2. Middle Atlantic 

3. Pittsburgh 

4. Central 
6 . Middle West 
6 . Upper Lakes 

aa. Combustion variables, in part or as a whole, may affect the selection of coals for nearlv every 
use, such as: 

1. Excessive load 5. Improper design of combustion chamber 

2. Undersize of combustion chamber C. High cost of ash removal 

3. Unfavorable firebrick conditions 7. Insufficient grate to heating area 

4. Insufficient draft 


7. South Atlantic 

8 . Outlviug fields in United States 
0. Eastern Canadian 

10. Central Canadian 

11 . Western Canadian 


aaa. Combustion variables, in part or as a wliole, may affect the selection of coals for nearly every 
use, such as: 


1 . Excessive rates of burning per furnace 

2 . Unfavorable firebrick conditions 

3. Insufficient draft 

4. Insufficient grate area 


5. High cost of clmkering and ash removal 

6 . Undesirable fly ash in furnace gases 

7. Improper kiln atmosphere required 

8 . Type of fuel bed 


h. Firebrick in the combustion chamber may affect the selection of coal because of its chemical com¬ 
position, its fusing point, or the resistance the firebrick has to abrasion. 

66 . In general, cooler sides or bottom of the combustion chamber permit the use of coals of lower 
fusion point of ash, in the following order: (1) refractory, (2) air-cooled, and (3) water-cooled. 

666 . The types of “checkers” or regenerators arc closely connected with and affect the type of coal 
used because of the clogging effect of varying types of ash deposits. 

6666 . Committee of Ten, Coal and Heating Industries, suggests a further breakdown in this use 
according to different types of heating boilers and furnace-combustion variables and the difference in 
operation of warm-air gravity plants and warm-air forced circulation; also the combustion variables 
as applied to hot-water and steam boilers. They also advi.se that coal selection in this use is dependent 
to an important degree on mixture, air, time and temperature, furnace volume, and net flame clearance, 
especially with respect to underfeed stoker firing. 

c. Bright or common, splint, cannel, and boghead or algal coals, as defined by the Coal Classification 
Committee. 

d. According to the degree of metamorphisin, or progressive alteration in the natural series from 
lignite to anthracite, with the limits of fixed carbon or volatile matter and Btu on the mineral-matter- 
free basis. Agglomerating and weathering jiroperties enter into this classification in certain groups. 
In accordance with ASTM Tentative Sjiecifications D388-34T as revised. 

e. According to quality, as determined by calorific value, ash and sulphur content, and ash-softening 
temperature. In accordance with ASTM Tentative Specifications D389-34T. 

/. Commercial size, supplemented by actual screen analysis made as follows: 

Anthracite: In accordance with ASTM Standard D-310-34. 

(Continued on p. 517.) 
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Table 15-10. Coal Selection Chart for Stationary Steam Generation and Hand- 

fired Bituminous Coal^ 

{Legend: a == very essential, b «= more than ordinary importance, c =» ordinary importance. 

— * not important. No entry =» to be developed) 



Classification 

Specific chemical 
properties of coal 

Specific physical 
properties*** 

General 

By type 

By 

rank 

By 

grade 

Moisture per cent 

Ash 

per 

cent 

Fusion 
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Volatile per cent 
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Btu/lb 

Sul¬ 
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Sp 
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Stor¬ 
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Han¬ 
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Pul¬ 

ver¬ 
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\ 

< 

< 
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i 

1 
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Impurities 

Deviation 

As sampled 

Chemical composition 

Imtial temp 

Soft temp 
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Coke button 

bO 

1 

Expansion 

Specific volume mdex 

Of lump 

Bulk density 

Spontaneous combustion 

Weathering 

Size stability 

Frabiliity 
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Smoke, potentid 

Reference notes^ 
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d| 
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il 
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h 
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h\ 

*1 
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1 w- 
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Stationary Grates 


Normal conditions 

c 


c 

b 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 




c 

c 






c 

c 

c 

c 


c 


Excessive load 
Undersized combustion 

c 


b 

a 

b 

b 

b 

b 

b 

b 

|b 

b 

b 

b 

b 

b 

— 

c 

— 

c 

b 



— 

— 


c 

c 

b 

b 

— 

b 


cliamber 

Insufficient grate to 

c 

— 

a 

a 

c 

c 

c 

c 

c 

c 

b 

b 

b 

b 

b 

c 

— 

— 

— 

c 

c 



— 



c 

c 

c 

c 

— 

b 


heating area 
Unfavorable firebrick 



a 

a 

b 

b 

b 

b 

a 

b 

a 

i 

a 

a 

e 

c 

b 

— 


— 

c 

c 



— 

— 


c 


b 

b 

— 

b 


conditions'' 
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’— 

c 

a 

c 

c 

c 

c 

b 

b 

b 

b 

b 

c 

c 

c 

_ 

c 

— 

c 

c 



— 

— 


c 

c 

c 

c 

— 

c 
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c 


a 

a 

a 

(• 
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0 

b 

b 

b 

b 

b 

c 

c 

c 

— 

— 

—' 

c 
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— 

— 


c 

c 

c 

c 
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b 

a 

c 

c 

b 
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b 

b 

b 

b 

b 

c 

c 

c 
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— 

~! 

c 
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— 

— 


c 

c 

c 

c 

— 

c 
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b 

a 

c 

b 

c 

c 

a 

c 

b 

b 

b 

c 

c 
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c 
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c 

c 

c 

c 

— 
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Shaking or Dumping Grates 


Normal conditions 
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c 

b 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 
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c 
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c 

c 

c 


c 
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— 

b 

a 

b 

h 

b 

b 

b 

b 
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b 
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— 
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c 
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b 
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a 

b 
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a 

b 

a 

a 

a 

c 

c 

b 

— 

— 

— 

c 

c 



- 

- 


c 

c 

b 

b 

— 

b 

Unfavorable firebrick 

































conditions 

c 


c 

a 

c 

c 

c 

c 

b 

b 

b 

b 

b 

c 

c 

c 

— 

r 

— 

c 

c 



— 

— 


c 

c 

c 

c 

— 

c 

Insufficient draft 

c 


a 

a 

a 

b 

c 

c 

b 

b 

b 

b 

b 

c 

c 

c 


— 

— 

c 

b 



— 



c 
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c 
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c 

c 

— 

— 
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c 
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— 
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b 

a 

c 

b 

c 

c 

a 

b 

b 

b 
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c 

c 
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— 
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c 
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c 

c 
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c 


b 

b 

b 

c 

c 
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b 


c 
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1 National Association of Purchasing Agents. 

= See Detailed Reference Notes on pp. 516-517. 
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Table Coill Selection Chart for Stationary Steam Generation and Hand-fired 

Anthracite Coal^ 

{Legend: a very essential, b = more than ordinary importance, c = ordinary importance. 

— = not important. No entry = to be developed) 
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^ National Aasociation of Purchasing Agents 
> See Detailed Reference Notes on pp. 516-517. 
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Table 16^12. Coal Selection Chart for Stationary Steam Generation, Stoker-fired 
(Except Traveling Grates) 

{Legend: a «= very essential, b = more than ordinary importance, c “ ordinary importance^ 

— =a not important. No entry =» to bo developed) 
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b b c- 

— b c c 

b b 

— c 

High cost of ash re- 


1 





moval . . 

b b c a b b c 

c 

a c b*|b* b* c c c- 

c c c- 

— c c c 

c c 

— c 

Preheated air 

bbbabbe 

c 

c b a*,a* a* c c c c- 

c c c- 

— c c c 

c c 

— c 

Slagging of boiler tubes b b b a b b j c 

c 

b b b* b* b* c c c c- 

c c c- 

— c c c 

c c 



^ National Association of Purchasing Agents. 

> See Detailed Reference Notes on pp. 616-517. 

* With water-cooled tuyeres the fusion point of the ash is one grade less important. 
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FACTORS INVOLVED IN SELECTION AND PURCHASE OF FUEL 


Table 15-^13. Coal Selection Chart for Stationary Steam Generation, Travelings or 

Chain-grate Stokers 

{Legend: a “ very essential, b »» more than ordinary importance, c « ordinary importance. 

— =» not important. No entry — to be developed) 
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1 

c 

c 

c 

c 

c 

c 


c 

c 
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c 

c 
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— 

— 

b 

b 

b 

b 

b 

b 

b 

c 

b 

b 

c 

c 

b 

- 


- 


— 

— 
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— 


— 


c 

c 


_ 


Improper furnace de- 


































sign 
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— 
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b 

c 

c 
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c 

c 

c 

c 

— 

— 

c 

— 

— 




— 


— 

— 


— 

— 

c 

c 

— 

— 


Insufficient grate to 


































heating area 

— 


— 

b 

b 

c 

c 

b 

b 

b 

c 

c 

c 

c 

c 

b 

— 
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— 

— 


— 

— 


— 

— 

c 

c 

— 

— 


Unfavorable firebrick 


































conditions*''*. 

— 

— 

— 

b 

c 

b 

c 

c 

c 

c 

c 

c 

c 

— 

— 

c 

— 

— 

— 


— 

— 


— 

— 


:— 

1 — 

c 

c 

— 

— 


Insufficient draft 

— 

— 


b 

b 

c 

(• 

c 

c 

c 

c 

c 

c 


— 

c 

— 

— 

— 


— 

— 


_ 

— 


— 

— 

c 

c 

— 

— 


High cost of ash re¬ 
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— 

b 

b 

b 
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c 

b 

c 

— 

c 

c 

— 

— 

c 

— 

— 

— 


— 

— 


— 

— 


— 

— 

c 

c 

— 

— 


Preheated air 
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c 

c 

c 


“1 

c 

b 

b 

b 

— 

— 

c 

— 

— 

““ 
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— 


— 

— 

c 

c 

— 
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Bituniinous Coal 


Normal conditions 

b 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

Cj 




b 

a 

a 




c 

c 

c 

c 

c 


c 


Excessive load 
Undersized combustion 

b 

—1 

b 

b 

a 

b 

b 

b 

b 

c 

c 

c 

c 

c 

c 

1 

b; 

—: 

c 

— 

b 

a 

a 

— 

— 

_ 

C 

c 

b 

b 

b 

— 

c 


chamber 

Insufficient grate to 

b 

— 

b 

b 

c 

c 

c 

c 

c 

c 

c 

c 

c 

b 

b 

c 

— 

— 

— 

b 

a 

a 

— 

__ 

— 

c 

c 

c 

c 

c 

— 

c 


heating area 
Unfavorable firebrick 

b 

— 

b 

b 

b 

c 

c 

b 

b 

c 

c 

c 

c 

c 

c 

b 

— 

— 

— 
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a 

a 

— 

— 

— 

c 

c 

c 

c 

c 

— 

c 


conditions'* 

b 

— 

b 

b 

c 

c 

c 

c 

c 

a 

c 

b 

b 

c 

c 

c 

— 

c 

— 

b 

a 

a 

— 

'— 

— 

c 

c 

c 

c 

c 

— 

c 


Insufficient draft 

High cost of ash re¬ 

b 

— 

b 

b 

b 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

— 

— 

— 

b 

a 

a 

— 

_ 

1 

1 

c 

c 

c 

c 

c 

— 

c 


moval .... 

b 

__ 

b 

b 

c 

b 

c 

c 

a 

c 

c 

c 

c 

c 

c 

c 

— 

— 

— 

b 

a 

a 

— 

;— 


c 

c 

c 

c 

c 

— 

c 


Preheated air 

b 

— 

b 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

— 

— 


b 

a 

a 

1 

J 

— 

— 

b 

c 

c 

c 

c 

— 

c 



1 National Association of Purchasing Agents. 

3 See Detailed Reference Notes on pp. 516-517* 
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Table 16-14. Coal Selection Chart for Stationary Steam Generation, Pulverized-coal, 

Dry-bottom Types*-”-* 

{Legend: a =* very essential, b ■» more than ordinary importance, c =» ordinary importance. 

— = not important. No entry * to be developed) 


Reference notes®. 


Classification 


\r^ 


X 


||g 

|!| 

\a'a 


Specific chemical 
properties of coal 


Ash 

per 

cent 


Fusion 

point 


Sul¬ 

phur 


Specific physical 
properties** 


Caking 


General 


Stor- 


Han- 

dling 


Pul¬ 

ver¬ 

ized 


Direct-field System 


Normal conditions . 

b 

b 

b 

b 

c 

c 

c 

b 

c 

c 

c 

b 

b 

b 

b 

c 

c 

c 









c 

c 



b 

c 


Excessive load 

b 

b 

b 

b 

c 

b 

b 

a 

b 

b 

b 

b 

b 

b 

b 

b 

c 

c 

— 

— 

— 

— 

— 

— 

— 

— 

c 

b 

— 

— 

b 

b 


Undersized combustion 


































chamber 

b 

b 

b 

b 

c 

b 

c 

b 

b 

b 

b 

b 

b 

b 

b 

b 

c 

c 

— 

— 

— 

— 

— 

— 

— 

— 

c 

b 

— 

— 

b 

b 


Preheated air 

b 
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b 

b 

c 

c 

c 

b 

c 

b 

c 

b 

b 

b 

b 

c 

c 

c 

— 

— 

— 

— 

— 

— 

— 

— 

c 

b 

— 

— 

b 

c 


Unfavorable firebrick 


































conditions'* 

b 

b 

b 

b 

c 

c 

c 

b 

a 

a 

b 

b 

b 

b 

b 

c 

c 

c 

— 

— 


— 

— 

— 

—I 

— 

c 

b 

— ' 

— 

b 

c 


Insufficient draft . 
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b 

b 

b 

c 

c 

c 

b 

c 

c 

b 

b 

b 

b 

b 

c 

c 

c 

— 

— 

— 

— 

— 

— 

— ; 

— 

c 

b 

—' 

— 

b 

c 


High cost of ash re¬ 

b 

b 

b 

b 

c 

b 

c 

b 

a 

c 

b 

b 

b 

b 

b 

c 

c 

c 

— 

— 

— 

— 

— 

— 


— 

c 

b 

— 

— 

b 

c 


moval 


































Slagging of tubes 

b 

b 

b 

b 

c 


b 

b 

b 

a 

b 

b 

b 

b 

b 

c 

c 

c 


— 

— 

— 

— 

— 

— 

— 

c 

b 

~l 

— 

b 

c 



Storage System 


Normal conditions 

b 

b 

b 

b 

c 

c 

c 

b 

c 

c 

c 

b 

b 

b 

b 

c 

c 

c 





_l 



_ 

b 

c 



b 

c 


Excessive load 
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b 

b 

b 

c 

b 

b 

b 

b 

b 

b 

b 

b 

b 

b 

b 

c 

c 

— 

— 

— 

— 

— 

— 

— 


b 

b 

— 

— 

b 

b 


Undersized combustion 


































chamber 

b 

b 

b 

b 

c 

b 

c 

b 

b 

b 

b 

b 

b 

b 

b 

b 

c 

c 

— 

— 

— 

— 

— 

— 

— 

— 

b 

b 

— 

— 

b 

b 


Preheated air 


b 

b 

b 

c 

c 

c 

b 

c 

b 

c 

b 

b 

b 

b 

c 

c 

c 

— 
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— 

— 

— 

— 

_ 

— 

b 

b 

_ 

— 

b 

c 


Unfavorable firebrick 


































conditions.. 

b 

b 

b 

b 

c 

c 

c 

b 

c 

& 

b 

b 

b 

b 

b 

c 

c 

c 

— 

— 
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— 

— 

— 

— 

— 

b 

b 

— 

— 

b 

c 


Insufficient draft 

b' 

b 

b 

b 

c 

c 

c 

b 

0 

c 

b 

b 

b 
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b 

c 

c 
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— 

— 

— 

— 

— 

— 

— 

— 

b 
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High cost of ash re¬ 
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c 
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c 

b 

a 

c 

b 

b 

b 

b 

b 

c 

c 

c 

— 
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— 
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b 

b 

_ 

_ 

b 

c 


Slagging of tubes 

b 

b 

b 

b 

c 

a 

b 

b 

b 

a 

b 

b 

b 

b 

b 

c 

c 

c 

— 

— 

— 

— 

— 

— 

— 

I 

J 

b 

b 

— 

— 

b 

c 



® National Association of Purchasing Agents. 

® See Detailed Reference Notes on pp. 516-^17. 
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612 FACTORS INVOLVED IN SELECTION AND PURCHASE OF FUEL 

Table 16>16. Coal Selection Chart for Stationaiy Steam Generation, Pulverized-coal, 

Wet-bottom Types 

(Legend: a “ very essential, b * more than ordinary importance, c = ordinary importance. 

— = not important. No entry “ to be developed) 
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c 
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b 
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b 
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c 
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Normal conditions 
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0 
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c 

b 
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c 

c 
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c 
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c 

bi 

— ^ 


^' — 1 

— 

— 

— 

b 
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c 
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a 

b 

b 

c 

c 

b 
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b 
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b 

b 

a 

b 

b 

c 

c 

r 
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_1 
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— 

— 

— 

b 

b 

— 
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Slagging of tubes 


b 

b 

b 

c 

a 

a 

b 

b 

a 

tb 

I 

b 
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b 
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c 

c 

c 


“h 
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— 

b 

b 

— 


b 
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^ National Association of Purchasing Agents, 
a See Detailed Reference Notes on pp. 516-617. 
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Table 16-16. Coal Selection Chart for Gas and Coke MaUngi ^ 

{Legend: a * very essential, b = more than ordinary importance, c *» ordinary importance, 
— = not important. No entry = to be developed) 


- 

1 Classification 

Specific chemical 
properties of coal 

1 ^cific physical 
properties** 

1 'General 

Coke and 
by-prod¬ 
ucts 

By type 

By 

rank 

A 

Moisture per cent 

Ash 

per 

cent 

Fusion 

point 

Volatile per cent 

Fixed carbon 

Btu/lb 

Sul¬ 

phur 

Phosphorus 

(taking 1 

o... 

Plasticity 

Stor-' 

age 

Han¬ 

dling 

Pul¬ 

ver¬ 

ized 

Universal limitations 

Coke Yield 

Btu in gas/lb coal 

By-products 

Apparent sp gr 

Class 

Group 

Classification 

li 

Impurities 

Deviation 

As sampled 

Chemical composition 

Initial temp 

Soft temp 

Flmd temp 

As sampled per cent 

J 

Coke button 

Agglutinating 

i 

Specific volume index 

Of lump 

Bulk density 

Spontaneous combustion 

Weathenng 

Size stability 

Fnability 

Grindabihty 

Smoke, potential 

Reference notes® 

c 

d 

d 

e 

/ 

0 

1 

A 

h\ 

1 

1 

. 

h 

h 

h 

h 

h\ 

k 

A 

k 

A 

1 

m 

\nn 

l 0 

P 

Q 

r 

1 

6 

t 

u 


w 

X 

yy 

1 

y 

y 

z 


Gas Making'"* 


Coal Gas: 

Horizontal retort 

b 
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b 

b 

c 

b 

a 

c 

b 

c 

c 

b 

c 

a 

b 

b 

a 



c 

b 

b 

b 



c 

! 

a 

1 

bl 

b 

b 




b 

a 

c 

b 

Vertical retort 

b 

a 

a 

b 

b 

b 

b 

c 

b 

c 

c 

b 

c 

a 

b 

b 

a 

c 

— 

c 

b 

b 

c 

— 


b 

a 

b 

b 

b 

— 

— 


b 

a 

c 

b 
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Bituminous 

b 
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c 

c 

a 
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c 

c 

b 

c 

b 

c 

b 

c 

b 

a 

— 

— 

c 

c 

n 

c 

— 

c 

b 

a 

b 

a 

a 

— 

— 


— 

c 

—' 

— 

Anthracite 

~ 

_ 

— 
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a 

b 

b 

c 

b 

b 

b 

b 

b 

c 

b 

b 

a 

— 

— 

-: 

— 

— 

— 

c 

c 

— 

— 

— 

b 

b 

— 

— 


— 

— 

— 

— 

Producer gas (from 
coal): 












1 


























Hot raw 

b 

b 

b 

c 

b 

b 

b 

c 

b 

b 

c 

b 

b 

b 

c 

b 

c 

c 

— 

c 

c 

c 

c 

— 

— 

c 

a 

b 

c 

c 

— 

— 


—: 

— 


— 

Clean . 

b 

b 

b 

c 

b 

c 

b 

c 

b 

c 

c 

1 

b 

c 

b 

c 

b 

b 

c 

_1 
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c 

c 




c 

a 

b 

c 

c 

— 

— 


—^ 

— 

i 



High-temperature Coke Making 


Blast-furnace coke 

b 

a 

b 

c 

c 

b 

a 

b 

b 

a 




b 

b 

b 

] 

a 

c 

a 

c 

b 

a 

b 



b 

a 

b 



c 


* 

a 

b 

1 

b 

a 

Fomidry coke 

b 

a 

b 

c 

c 

b 

a 

b 

b 

b 

c 

b 

c 

b 

b 

b 

a 

c 

a 

c 

b 

a 

b 

1 

— 

b 

n 

b 

— 

— 

c 

— 

t 

a 

b 

b 

a 

Domestic Coke. 

b 

a 

b 

c 

c 

b 

b 

b 

a 

b 

c 

a 

b 

b 

b 

b 


c 

— 

c 

c 

a 

c 


— 

c 

a 

b 

— 

— 

c 

— 


a 

b 

b 

a 

Gas-making coke 

b 

a 

b 

c 

c 

c 

a 

b 

a 

b 

b 

a 

b 

a 

b 

b 

a 

c 

— 

c 

c 

a 

b 

— 

— 

c 

a 

b 

— 

— 

c 

— 

X 
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a 

c 

b 

Industrial heating 






































coke 

b 

a 

b 

c 

c 

c 

b 

c 

a 

b 

b 

a 

a 

b 

a 

b 

a 

c 

— 

c 

c 

a 

b 

— 

— 

c 

a 

b 

— 


c 

— 


a 


b 

b 

Chemical coke: 






































Lime 

b 

a 

b 

c 

c 

c 

a 

c 

b 

c 

c 

b 

a 

c 

a 

c 

a 

c 

— 

c 

c 

a 

a 

— 

— 

b 

a 

b 

— 

— 

c 

— 


a 

b 

b 

a 

(Vbon dioxide. 

b 

a 

a 

c 

c 

b 

a 

c 

b 

b 

_ 

b 

a 

c 

a 

bi 

a 

c 

c 

c 

c 

a 


— 

— 
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a 

b 

— 

— 

c 

_ 


a 

c 

b 

b 

Hydrogen 

b 

a 

b 

c 

c 

c 

b 

c 

b 

b 

b 

a 

a 

c 

a 

c 

a 

c 

rj 

c 

c 

a 

b 



b 

a 

b 

'— 

— 

c 

— 


a 

b 

b 

b 


Low-temperature (’oke 



^ See Detailed heterenee Notes on pp. 516-517. 
* ASTM Specifications D166-24. 
t ASTM Specifications D17-18. 
t ASTM Specifications D166-24. 
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FACTORS INVOLVED IN SELECTION AND PURCHASE OF FUEL 


Table 15-17. Coal Selection Chart for Ceramic Products^ ® 

{Legend: a « very essential, b — more than ordinary importance, c = ordinary importance. 
— « not important. No entry = to be developed) 


Reference notes^ 


Classification 


Specific chemical Specific physical 

properties of coal properties** 


General 



Common Brick, Hollow Building Tile, Drain Tile, Face Brick, and Paving Brick 


Clamp or scove (in- 


































duced). 

c 

b 

c 

c 

c 

c 

c 

c 

b 

c 

— 

c 

— 

b 

c 

c 

c 

c 

— 

— 

c 

— 

c 

— 

— 


c 

c 

c 

c 

— 

c 


Penodic downdraft: 


































Induced 

c 

b 

c 

c 

b 

b 

c 

c 

b 

c 

— 

b 

— 

b 
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1 American Association of Purchasing Agents. 
*See Detailed Reference Notes on pp. 516-517. 
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Table 15-18. Coal Selection Chart, Miscellaneous^'" 

(Legend: a «» very essential, b = more than ordinary importance, c * ordinary importance. 
— «» not important. No entry » to be developed) 



Classification 

Specific chemical 
properties of coal 

Specific physical 
properties*'* 

Geneva! 

By type 

By 

rank 

By 

grade 

Moisture per cent 

Ash 
per 
cent j 

Fusion 

pomt 

Volatile per cent 

Fixed carbon 

Btu/lb 

Sul¬ 

phur 

i 

Caking 

Sp 

gr 

Plasticity 

Stor¬ 

age 

Han¬ 
dling j 

Pul¬ 

ver¬ 

ized 

I 

I 

1 

1 

Class 

Group 

Classification 

cS 

Impurities 

Deviation 

As sampled 

Chemical composition 

Imtial temp 

S(rft temp 

Fluid temp 

1 

1 

I 

Fomas 

Coke button 

Agglutmatmg 

Expansion 

Specific volume index 

Of lump 

Bulk density 

Spontaneous combustion 

Weathering 

Size stability 

Friabibty 

Grindabihty 

Smoke, potential 

Reference notes^ 
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d 

d 

e 
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h 

h 

\J 
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h 
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1 National Association of Purchadng Agents. 

3 See Detailed Reference Notes on pp. 516-517. 
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Table 16-19. Coal Selection Chart for Domestic, Cargo, and Bunker^>» 

(.Legend: a == very essential, b = more than ordinary importance, c “ ordinary importance. 
— = not important. No entry = to be developed) 
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^ National Association of Purchasing Agents. 
sSee Detailed Reference Notes on pp. 516-517. 
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Bituminous, Subbituminous, and Lignite: In accordance with method developed by Subcommittee 
VII of the Technical Committee on Coal Classification. 

Powdered Coal: In accordance with ASTM Standard D197-30. 

g. Anthracite. Impurities consist of inherent ash, approximately 8 to 9 per cent, much of which 

cannot be physically removed. Practically all the slate and r^l bone are now removed mechanically 
at most large mines. ' 

Bituminous, Subbituminous, and Lignite. Extraneous matter possible to remove by commercial 
coal cleaning (as being developed by the ASA Sectional Committee on Clean Bituminous Coal). 

h. According to ASTM Standard D271-33 for Proximate Analysis, etc. (temperature interval 
between points of ash fusion may develop to be a factor in coal selection). 

i. Deviation of individual shipments from the average. See 1933 ASTM “Manual on Presentation 
of Data.” 

j. Analysis of ash in accordance with U.S. Steel Corp., “Methods for the Sampling and Analysis of 
Coal, Coke and By-products,” 3d ed, pp. 93-104. Evidence has been developed to support the fact 
that, with ultimate analysis of ash, the fusing temiierature can be predetermined and controlled. 

jj. For pure white ware, the volatile sulphur is of prime importance, since it is that part of the sulphur 
which comes into direct contact. 

k. Pyritic, sulphate, and organic sulphur as percentage of total sulphur, according to U.S. Bur. 
Mines Tech Paper 2.54. 

kk. The physical characteristics of the ash, ospocially fly ash, may affect coal selection. 

Z. According to Canada Department of Mines method, Trans. AIME, Coal Division, 1934, pp. 
2.5.5-20)5. 

m. According to method described in ASTM, Proc., vol. 33, Part II, pp. 754-757. 

n. No practical method of determination for general use has yet been developed. 

nn. A test was recently developed by Altien and described in a paper read before the AG A in 1935. 

o. According to method described in Can. Dept. Mines Resources Pub. 725-2. 

p. According to ASTM D 10)7-24. 

q. According to ASTM D292-29 for lump coal, and ASTM D291-29 for coal under 1}4 in. in size. 

r. By Bureau of Mines plastometer method as described by .1. D. Davis, The Plastometer; A New 
Instrument for Measuring Plastic Properties of Coal, Ind. Eng. Chem., Anal. Ed., vol. 3, p. 43, 1931. 

s. The behavior of a coal with reference to spontaneous combustion depends on its rank, size, fri- 
aViility, and sulphur content, together with the method of laying down in the storage pile, 
evenness of coal particles, moisture content of the fines, and the access of currents of air through the 
coal during its storage. Hence relative importance of storage properties m respect to spontaneous 
combustion will depend on storage facilities whether (1) storage indoors or under cover to not more than, 
say, 10 ft, or (2) storage outdoors in piles as high as 40 ft. 

t. According to slacking-index method, U.S. Bur. Mines Repts. Invest. 3055 modified by using a 
standard humidity of 30 to 35 jier cent. 

u. By ASTM Coke Shatter Test Method D141-23, as it may be modified for coal by ASTM Com¬ 
mittee D-5. 

V By small-jar tumbler test described by J. H. 11. Niconns, Friability Test of Various Fuels Sold in 
Canada, Can. Dept. Mines, Resources Mines Branch, Investigations of Fuels and Fuel Testing, Bull. 044, 
1924, pp. 20-35, as it may be modified by ASTM Committee D-.5. 

w. By the ball-mill method or by the Ilardgrove machine method as described in ASTM, Proc., 
Part I, 1935. 

X. Measured by percentage of primary tar as determined by the Fischer low-temperature assay 
described by W. A. Selvig and W. 11. Ode, Evaluation of Laboratory Assay Test for Determination 
of Gas, Coke and By-products of Coal, Ind. Eng. Chem. Volatile-matter restrictions by cities. 

V. According to U.S. Steel Corp., “Methods for the Sampling and Analysis of Coal, Coke and 
By-Products,” 3d ed , pp. 130-143. The application of factors for conversion refer to Ind. Eng. 
Chem , Anal. Ed., vol. 7, 1935, paper by W. A. Sunvia, U.S. Bureau of Mines, Pittsburgh, Pa. An 
alternate method is jirescribcd by the Bureau of Mines and AGA using the assay furnace. 

?/?/. Any actual numerical limits of factors accepted universally for each specifio use. 

z. According to ASTM Standard Dl()7-24. 

zz. Factors affecting loading, transit, unloading, and not related to ultimate use. 

Factors in the Selection of Anthracite. Table 15-20 shows somewhat more specific 
data than those of the foregoing coal selection charts as applied to anthracite alone. 
Those are based on the figures that were submitted to the committee by Anthracite 
Institute Laboratory at the time of the preparation of the chart, with, however, some 
basic changes by the authors to conform to current practices. 

COAL SPECIFICATIONS! 

(Items for Inclusion in Coal Specifications and Significance) 

For actual purchasing purposes, coal specifications may include such factors as the 
following: 

l. Size of Coal. Specify size range acceptable. Specify smallest size that will give 
acceptable performance. 

1 Coal Bureau, Upper Monongaliela Valley Association, Reference Bull. 3, New York, 
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2. De£nition. Require bidders to give size, proximate analysis, friability, and 
grindability on coal offered. 

8. Quality or Grade. Include as many of the following as may materially affect 
the use or value of coal in your plant. Specify analytical range acceptable (per cent 
to per cent) for each item included. 


а. Moisture as loaded 

б. Volatile matter 

c. Fixed carbon 

d. Ash 

4. The ultimate m utilization flexibility 

a. The buyer specifies minimum Btu pe 
h. The bidder specifies the delivered cos 


e. Sulphur 

/. Ash-softening temperature, degrees 
Fahrenheit 

g. Btu as loaded (minimum acceptable) 

is provided when: 
r pound (as loaded) acceptable, 
t per million Btu. 


Table 16-20. Factors in the Selection of Anthracite for Various Equipment 


Equipment 

Water-gas 

Iland-fircd i 
(steam) 

Traveling 

grate 

Iland-fired 

(ilomestic) 

Underfeed 

stoker 

Magazine 

feed 

Preferred coal sizes'* 

Moisture, max per 

Broken, 

egg 

Buckwheat, 

rice 

Barley, 
No. 4 
buckw'heat 

Egg, stove, 
chestnut 

Buckwheat, 

rice 

Buckwheat 

cent. 

5 0 

5 0 

5 0 

5 0 

5 0 

5 0 

Ash, max per cent , 

11 0 

13 0 

15 0 

11 0 

13 0 

13 O'' 

Ash deviation, per cent 

0 5 

2 0 

2 0 

1 0 

2 0 

1 5 

Volatile, per cent... 

3-8 

3-9 5 

3 5-8 

3-8 

3 5-9 

3 5-8 

Btu, avg . . . 

13,150 

12,500 

12,300 

13,000 

12,500 

12,750 

Softening temp, deg F 

2600-3000 

2300-3000 

2750-3000 

2600-3000 

2750-3000 

2750-3000 

Sulphur, per cent 

0-1 5 

0-1 5 

0-1 5 

0-1 5 

0-1 5 

0-1 5 

Caking. 

Spontaneous combus¬ 

None 

None 

None 

None 

None 

None 

tion . 

None 

None 

None 

None 

None 

None 

Smoko. 

None 

None 

None 

None 

None 

None 

Weathering. 

Slight 

Slight 

Slight 

Slight 

Slight 

Slight 

Sp gr (lump). 

1 58'’ 

1 58'- 

1 58*^ 

1 58'- 

1 58*^ 

1 58- 

Sp gr (bulk), Ib/cu ft.. 
Size stability. 

55 

55 

55 

Data not 

55 

available 

55 

55 

Lack of skill . 

As anthracite should not 

bo disturbed during combustion, skill 
unimportant 

is relatively 


® For hand-firing, coal size should be in proportion to the depth and diameter of the furnace (domes¬ 
tic) ; for other equipment, the preferred size is usually shown first 

* While 13,0 is the industry’s limit of ash for buckwheat, magazine boilers perform best with low-ash 
coals and with coals having a high coefficient of ash shrinkage. 

® Average of 104 samples from all parts of the region. 


Common Errors in Buying Coal on Specifications^ 

While coal specifications have the obvious advantages of protecting the purchaser 
against poorly adapted or improperly prepared coal, extreme care should be taken to 
see that the very specifications designed to protect do not act in reverse to cut the 
plant off from desirable sources of supply because of unduly rigid provisions. Hard¬ 
ships imposed upon the purveyor in connection with finding a coal to meet rigid 
requirements are usually reflected in the price, often out of proportion to the advan¬ 
tages gained. 

In general, unless the specifications can be drawn up and continuously supervised 
by a competent engineer thoroughly familiar with all plant and coal-market conditions, 
the plant will be better advised to purchase in the open market. 

Many plants have been wisely designed to use a wide range of coals. In spite of 

1 Coal Bureau, Upper Monongahela Valley Association, Reference Bull. 3, New York. 
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this, in many cases, specifications have been issued so limiting the selective range as to 
exclude many desirable potential bidders. 

The most common errors are those involving volatile content, ash-fusion tempera¬ 
ture, and grindability index of the coal. ^ 

Spreader stokers characteristically use a very wide range of coals with satisfactory 
results even with high volatiles, high sulphur, medium Btu, and low ash fusion. 
Liberal specifications will therefore vastly expand the number of coals available to the 
plant. 

Most modern pulverizer installations, unlike earlier ones, have capacities to permit 
the use of coals having a low or medium grindability index; e.g., 50 to 70 (Hardgrove 
scale). However, old-fashioned specifications are frequently issued for these calling 
for high grindability indexes. In other instances, high-volatile coals would be advan¬ 
tageous for fast ignition, such as in undersized furnaces, yet the coal specifications 
often call for coal of extremely low volatility. 

In the case of underfeed stokers, errors in coal specifications, because of over 
stringency, are noticeably fewer, and this for the reason that many underfeed-stoker 
installations are conversions from oil or hand-firing, with tight furnaces and small 
grates. When affected by such factors, the coal-selectivity range is so narrowed that 
this should be reflected in the specifications. In these cases, specifications can be 
drawn to protect against troublesome clinker, cither by calling for double-screened 
coal (f.e., fines removed), which will result in greater fuel-bed porosity and reduced 
fuel-bed temperatures, or by specifying higher ash-fusion temperature to meet the 
excessive fuel-bed temperatures. However, when conditions are normal and maxi¬ 
mum burning rates on underfeed stokers are on the order of 30 to 35 psf of grate area, 
coals having a minimum ash-softening temperature as low as 2100°F can be specified. 

COST OF FUEL AND ELECTRICITY IN VARIOUS INDUSTRIES^ 

Table 15-21 shows the cost of fuel and electricity of 254 industries as represented by 
146,731 plants and establishments. Costs are shown both as total dollars spent per 
year by these plants ($1,260,626,000 in 1945), and as per cent of the value of the prod¬ 
ucts manufactured. 

Fuel costs ranged from 0.1 per cent or less of the value of the manufactured products 
(coats and suits, cigarettes, cigars, lamp shapes, men’s suits, and cosmetics) to 26.4 
per cent (blast-furnace products), with a weighted average of 1.72 per cent. 

Electricity costs ranged from 0.1 per cent or less of the value of the manufactured 
products (cigarettes, secondary smelting of rare metals) to 12.3 per cent (manufactured 
ice), with a weighted average of 1.01 per cent. 

Thus the total fuel and electricity cost averaged 2.73 per cent of the value of the 
manufactured products, and averaged $8,591 per plant. 

The effect of an increase in fuel or power costs, or conversely the value of savings, 
in terms of the corresponding effect on the cost of the finished product, may be esti¬ 
mated from these data. Thus, if fuel is 1 per cent of the value of the finished product, 
an increase in 10 per cent of the fuel price will increase the product cost by 10 per cent 
of 1 per cent or 0.1 per cent. These data are also of value in determining whether a 
particular plant is in line with its industry. 

1 Sworn testimony of the National Coal Association, before the Federal Power Commission, Natural 
Gas Investigation, Docket G-580, 1946. 
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FACTORS INVOLVED IN SELECTION AND PURCHASE OF FUEL 


Table 16-21. Relation between Fuel Cost and Value of Manufactured Products^ 


Industry 

No. of 

Total fuel 

Per cent of value of 
products 

plants 

tricity cost® 

Fuel 

Elec¬ 

tricity 

Total 

Abrasive wheels, stones, paper, cloth, and related 
products. 

124 

1,454 

1 0 

1.0 

2 0 

Agricultural machinery, except tractors 

317 

2,750 

1 1 

0 5 

1 6 

Aircraft and parts, including aircraft engines 

125 

1,857 

0 2 

0 5 

0.7 

Alloying, and rolling and drawing of nonferrous metals 
except aluminum. ... 

188 

10,270 

1.2 

1.1 

2 3 

Aluminum products (including rolling, drawing, and 
extruding). 

162 

3,211 

1.0 

0.9 

1 9 

Aluminum ware, kitchen, hospital, and household (ex¬ 
cept electrical). 

32 

546 

0 6 

0 9 

1 5 

Artificial leather and oilcloth. 

36 

717 

1.1 

0 6 

1 7 

Asbestos products (except steam packing, pipe and 
boiler covering). 

79 

1,625 

1 5 

1 2 

2 7 

Automobile stampings. 

90 

784 

0 5 

1 1 

1 6 

Baking powder, yeast, and other leavening compounds 

47 

921 

1 8 

1 1 

2 9 

Batteries, storage and primary (dry and wet) 

221 

2,484 

0 8 

1 3 

2 1 

Beet sugar. 

85 

5.707 

4 1 

0 2 

4 3 

Biscuit, crackers, and pretzels. 

356 

2,584 

0.9 

0 4 

1 3 

Blast-furnace products. 

81 

146,945 

26.4 

0 3 

26 7 

Bolts, nuts, washers, and rivets (not made in rolling 
mills). 

155 

1,868 

1 1 

1 1 

2 2 

Bookbinding and related industries . 

1,133 

1,054 

0 3 

0 7 

1 0 

Books; printing without publishing. 

690 

1,144 

0.3 

1 0 

1 3 

Boot and shoe cut stock and findings... 

520 

865 

0 2 

0 4 

0 6 

Bread and other bakery products (except biscuit, 
crackers, and pretzels). 

18,043 

27,438 

1 3 

0 9 

2 2 

Brick and hollow structural tile. 

800 

15,385 

16 2 

3 5 

19 7 

Brushes. 

245 

382 

0 3 

0 5 

0 8 

Candy and other confectionery products. 

1 1,252 

3,500 

0 0 

0 6 

1 2 

Cane-sugar refining. 

27 

4,540 

1 1 

0 03 

1 13 

Canned and dried fruits, vegetables, and soups 

2,007 

5,826 

0 7 

0 3 

1 0 

Canned fish, Crustacea, and niollusks 

214 

595 

0 6 

0.3 

0 9 

Carbon products for the electrical industry, carbons and 
graphite. 

31 

1,301 

3 0 

4 1 

7.1 

Carpets and rugs, wool. 

43 

1,910 

1 0 

0 4 

1 4 

Cars and car equipment; railroad, street, and rapid 
transit . 

143 

2,373 

0 9 

0 5 

1 4 

Caskets, coffins, and other morticians’ goods . . 

599 

852 

0 6 

0 6 

1 2 

Cast-iron pipes and fittings. 

74 

3,221 

3 8 

1 2 

5 0 

Cement. 

160 

34,073 

12 5 

5 1 

17 6 

Cheese. 

2,682 

2,046 

1 3 

0 6 

1 9 

Chemicals, not elsewhere classified. 

543 

48,318 

3 8 

2 0 

5 8 

China firing and decorating (for the trade) 

24 

35 

1 2 

0 3 

1 5 

Chocolate and cocoa products. 

39 

1,466 

0 7 

0 7 

1 4 

Cigarettes. 

35 

1,069 

0 07 

0 03 

0 1 

Cigars...::. 

598 

708 

0 1 

0 3 

0 4 

Clay products (except pottery) not elsewhere classified 

99 

691 

13 3 

2 2 

15 5 

Clay refractories, including clay-refractory cement 

165 

4,404 

8 6 

1.9 

10 5 

Cleaning and polishing preparations, blackings and 
dressings. 

637 

604 

0 3 

0.3 

0 6 

Clocks, watches, materials, and parts (except watch 
cases). . . . 

74 

506 

0 3 

0 3 

0 6 

Cloth sponging and miscellaneous sjiecial finishing _ 

112 

365 

1 0 

0 5 

1 5 

Coal-tar products, crude and intermediate. 

49 

1,440 

2 9 

0 5 

3 4 

Coated and glazed paper. .. . 

140 

1,137 

0 6 

0 7 

1 3 

Coats, suits, and skirts (except fur coats) made in con¬ 
tract factories. 

846 

452 

0 4 

1 0 

1 4 


1 National Coal Association, Sworn testimony before Federal Power Commission hearing on general 
oil pipeline policy. 


^ Total fuel cost and purchased electric energy in thousands of dollars. 
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Table 15-21. Relation between Fuel Cost and Value of Manufactured Products. ^ 

(Continued) 



No. of 

Total fuel 

Per cent of value of 
products 


plants 

tncity cost® 

Fuel 

Elec¬ 

tricity 

Total 

Coats, suits, and skirts (except fur coats) made in inside 
factories. ... 

1,120 

767 

0.04 

0.24 

0.28 

Cold-rolled steel sheets and strip and cold-finished steel 
bars . . 

43 

1,560 

0.9 

1 3 

2 2 

Colors and pigments... 

89 

3,218 

2 6 

1 2 

3 8 

Communication equipment . 

227 

1,574 

0 5 

0 3 

0 8 

Concrete products . . 

2,040 

1,916 

0 7 

0 8 

1 5 

Condensed and evaporated milk 

562 

5,782 

2.2 

0.6 

2 8 

Construction machinery (except mining and oil-field 
machinery) . . 

199 

2,007 

0 7 

0 7 

1 4 

Converted paper products not elsewhere classified. 

384 

1,365 

0 4 

0 5 

0 9 

Cooking and other edible fats and oils, not elsewhere 
classified . 

56 

2,069 

0 7 

0 4 

1 1 

Cordage and twine. 

116 

1,378 

0 5 

1 9 

2 4 

Cork products . 

35 

441 

1 6 

0 9 

2 5 

Com sirup, corn sugar, corn oil, and starch 

35 

3,254 

2 6 

0 2 

2 8 

Cotton broad woven goods. 

661 

31,566 

1 0 

2 6 

3 6 

Cotton narrow fabrics . 

163 

993 

0 9 

1 1 

2 0 

Cottonseed oil, cake, meal, and linters 

447 

3,962 

1 0 

1.3 

2 3 

Cotton thread . 

75 

1,288 

1 1 

1 4 

2 5 

Cotton yarn . 

349 

7,975 

0 4 

3 6 

4 0 

Creamery butter. 

3,506 

7,966 

0.9 

0.7 

1 6 

Cutlery (except aluminum, silver, and plated) and edge 
tools . 

266 

1,179 

0 9 

1 1 

2 0 

Dental equipment and supplies 

131 

265 

0 4 

0 4 

0 8 

Doors, window sash, frames, molding, and trim (made 
of metal) . 

205 

.535 

0 4 

0,7 

1 1 

Drugs and medicines (including drug grinding) 

1,094 

2,280 

0 4 

0 3 

0 7 

Dyeing and finishing cotton, rayon, silk, and linen 
textiles. 

468 

12,2.58 

3 7 

0 8 

4 5 

Dyeing and finishing woolen and worsted 

63 

968 

2 2 

0 4 

2 6 

Electric appliances . ... 

138 

1,604 

0 4 

0 7 

1 1 

Electric lamps. 

55 

1,005 

0 4 

0 7 

1 1 

Electrical products not elsewhere classifieil 

175 

656 

0 6 

1 1 

1 7 

Electroplating, plating and poli.shiiig 

643 

1,.322 

1 3 

3 4 

4 7 

Elevators, escalators, and conveyors 

183 

763 

0 5 

0 7 

1 2 

Embroideries; Schiffli-machine products 

398 

204 

0 5 

1.0 

1 5 

Enameled-iron sanitary ware and other plumliers’ 
supplies. 

3.58 

4,013 

2 2 

1 0 

3 2 

Enameling, japanning, and lacquering 

80 

402 

3 4 

2 3 

5 7 

Engraving on metal (except for jirmting inirposes) 

94 

82 

0 6 

0 8 

1 4 

Explosives . .... 

80 

1,681 

1.4 

0 9 

2.3 

Fabricated plastic products, not el.sewhere classified 

210 

1,022 

1.1 

1 2 

2 3 

I'^abricated structural steel and ornamental metalwork 

1,138 

2,982 

0.4 

0.7 

1.1 

Felt goods, wool, hair, and jute (except woven felts and 
hats) . . . . 

37 

601 

1 5 

1.0 

2.5 

Fertilizers. 

764 

2,286 

0 3 

0.9 

1.2 

F'lber cans, tubes, and similar products 

116 

712 

1 4 

0.7 

2.1 

Files . 

22 

321 

2 0 

0.8 

2 8 

Firearms . .. . 

23 

436 

1 4 

1.1 

2 5 

Fish and other marine oils, cake and meal 

76 

453 

2 7 

0 6 

3.3 

Flavoring extracts and flavoring sirups ... 

477 

493 

0 2 

0.2 

0 4 

Floor and wall tile (except quarrv tile). 

49 

1,181 

5 2 

1.5 

6.7 

Flour and other grain-mill iiroducts. 

2,143 

8,483 

0 3 

1.0 

1.3 

Food preparations not elsewhere classified . . 

1,007 

1,668 

0 6 

0 4 

1.0 

Food products machinery. 

379 

1,086 

0 5 

0 7 

1.2 

Footwear (except rubber). 

• 1,070 

4,012 

0.2 

0 3 

0 5 

Forgings, iron and steel. 

207 

5,183 

3.6 

1 3 

4.9 

Fuel briquettes. 

32 

250 

1.7 

3 0 

4 7 
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Table 16-21. Relation between Fuel Cost and Value of Manufactured Products.^ 

{Continued) 


Industry 

No. of 

Total fuel 
and elec¬ 
tricity cost" 

Per cent of value of 
products 

plants 

Fuel 

elec¬ 

tricity 

Total 

General commercial (job) printing.. 

9,595 

6.620 

0 

3 

1 0 

1 3 

Generating, distribution, and industrial apparatus 

491 

5,998 

0 

7 

0 6 

1 3 

Glass containers . 

77 

12,102 

5 

9 

1 7 

7 6 

Glue and gelatin ... 

80 

1,766 

4 

6 

0 5 

5 1 

Gray iron and semisteel castings . . 

1,161 

10,978 

3 

6 

1 6 

5 2 

Grease and tallow (except lubricating greases) 

Gum naval stores (processing but not gathering or 

310 

2,000 

2 

3 

1 1 

3 4 

warehousing) . . ... . 

755 

194 

1 

04 

0 06 

1 1 

Gypsum products . 

68 

2,727 

3 

1 

2 8 

5 9 

Hardware not elsewhere classified. 

434 

2,791 

1 

0 

0 8 

1 8 

Hardwood distillation and charcoal manufacture 

43 

771 

10 3 

1 0 

11 3 

Hat bodies and hats, fur felt. 

43 

810 

1 

6 

0 5 

2 1 

Hatters’ fur. . 

37 

158 

0 

9 

0 5 

1 4 

Hosiery* iull fashioned. 

499 

3,191 

0 4 

0 7 

1 1 

Hosiery, seamless . 

433 

1,739 

0 6 

0 6 

1 2 

Hotel china. 

17 

504 

4 

5 

0 9 

5 4 

Household furniture, except upholstered 

1,592 

4,729 

0 

6 

0 8 

1 4 

Ice, manufactured . 

3,975 

19,763 

2 

9 

12 3 

15 2 

Ice cream and ices. 

2,734 

7,221 

0 

6 

1 9 

2 5 

Industrial machinery not elsewhere classified 

579 

2,261 

0 

6 

1 0 

1 6 

Insecticides, fungicides, and related chemicals 

774 

916 

0 

6 

0 4 

0 9 

Insulated wire and cable . 

79 

1,846 

0 

7 

0 8 

1 5 

Internal-combustion engines. ... 

74 

1,425 

1 

0 

0 3 

1 3 

Jewelry (precious metals) 

886 

360 

0 

2 

0 3 

0 5 

Knitted cloth . 

229 

1,277 

1 

1 

0 8 

1 9 

Knitted outerwear (except knit gloves) 

476 

626 

0 

2 

0 4 

0 6 

Knitted underwear. 

199 

1,410 

0 

7 

0 5 

1.2 

Lace goods .. . . 

63 

430 

1 

4 

0 4 

1.8 

Lamp shades ... . 

128 

42 

0 

1 

0 4 

0 5 

Laundry equipment, domestic . . 

42 

6.53 

0 

5 

0 6 

1 1 

Leather: tanned, curried, and finished; contract factories 
Leather: tanned, curried, and finished; regular factories 

111 

682 

2 

7 

1 4 

4 1 

or jobbers. 

335 

5,008 

1 

1 

0 4 

1.5 

Lighting fixtures.. . 

568 

1 ,626 

0 

5 

0 8 

1.3 

Lime. ... . 

Linoleum and other hard-surface floor coverings, not 

269 

6,477 

13 

6 

3 9 

17 5 

elsewhere classified . . 

17 

1 ,.361 

1 

1 

0 8 

1.9 

Linseed oil, cake, and meal . 

25 

777 

0 

6 

0 5 

1.1 

Liquors, distilled . . 

135 

2,290 

3 

4 

0 7 

4 1 

Lithographing and photolithographing. 

Lubricating oils and greases, not made in iietroleiim 

749 

1,696 

0 

3 

0.8 

1.1 

refineries .... 

232 

664 

0 

9 

0 4 

1 3 

Macaroni, spaghetti, vermicelli, and noodles 

328 

1,100 

0 

7 

1 7 

2 4 

Machine tools . 

200 

2,618 

0 

5 

0 7 

1 2 

Machine-shop products, not elsewhere classified 

2,125 

7,017 

0 

9 

1 0 

1 9 

Malleable-iron castings. 

83 

3,804 

5 

2 

1 9 

7 1 

Malt. . 

52 

1,974 

2 

3 

1 1 

3 4 

Malt liquors. 

605 

9,690 

1 

3 

0 5 

1 8 

Matches . . ... 

28 

429 

1 

2 

0 5 

1 7 

Meat packing, wholesale. 

1,478 

17,590 

0 

4 

0 3 

0 7 

Mechanical power-transmission equipment 

Men’s shirte (except work), collars and nightwear. 

218 

3,163 

0 

7 

1 2 

1 9 

jobbers . 

Men’s suits, coats, and overcoats (except work), con¬ 

449 

873 

0 

2 

0.3 

0 5 

tract factories. 

1,078 

768 

0 

3 

0 9 

1 2 

Men’s suits, coats, and overcoats (except work), jobliers 
Metalworking machinery accessories, metal-cutting 

1,371 

1,735 

0 

1 

0 2 

0 3 

tools, etc. . 

Metalworking machinery and equipment, not elsewhere 

954 

2,149 

0. 

5 

1 2 

1 7 

classified. . ... 

178 

1,418 

0.6 1 

0.8 

1 4 
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Table 16-21. Relation between Fuel Cost and Value of Manufactured Products.^ 

{Continued) 


Industry 

No. of 

Total fuel 
and elec¬ 
tricity cost® 

Per cent of value of 
products 

plants 

Fuel 

Elec¬ 

tricity 

Total 

Mineral wool. 

58 

823 

8 1 

1 9 

10 0 

Minerals and earths, ground or otherwise treated 

237 

2,254 

2 5 

3 3 

5 8 

Monuments, tombstones, cut-stone and stone products 

1 ,244 

2,780 

0 7 

3 0 

3 7 

Motor vehicles, bodies, parts, and accessories 

1,054 

35,394 

0 5 

0.4 

0 9 

Motorcycles, bicycles, and jiarts . . 

Needles, pins, hooks and eyes, and slide and snap 

36 

581 

0.7 

0.7 

1.4 

fasteners .... 

58 

453 

0 5 

0 7 

1.2 

Newspapers: publishing and printing . 

6,878 

9,857 

0 3 

0 8 

1.1 

Nonalcoholic beverages. 

4,504 

4,134 

0 4 

0.7 

1.1 

Nonclay refractories 

46 

2,591 

7 9 

1 7 

9 6 

Nonferrous-metal foundries (except aluminum) 

600 

1,572 

1 8 

1 0 

2 8 

Nonferrous-metal products not elsewhere classified 

438 

2,842 

0 9 

1.1 

2 0 

Office furniture . . . 

152 

808 

0 8 

0 7 j 

1 5 

Office and store machines not elsewhere classified 

123 

1,253 

0 4 

0.4 i 

0.8 

Oil-field machinery and tools. 

Oleomargarine, not made in meat-packing establish- 

223 

1,530 

0 6 

1.1 

1.7 

inents . 

18 

267 

0 4 

0.4 

0.8 

Ophthalmic goods: lenses and fittings 

91 

619 

0 8 

0.6 

1.4 

Oven coke and coke-oven by-products 

83 

11,226 

2.6 

0.7 

3.3 

Paints, varnishes, and lacquers . 

1,166 

3,990 

0 4 

0.5 

0 9 

Paper and paperboard mills . 

638 

58,894 

4 7 

1 6 

6 3 

Paperboard containers and boxes not elsewhere classified 
Partitions, shelving, cabinet work, office and store fix- 

1,338 

3,525 

0 4 

0.5 

0 9 

tures ... 

Paving blocks, asphalt, creosoted woo<l, and composi- 

716 

901 

0 4 

0.8 

1 2 

tion 

231 

1,147 

2 5 

1 0 

3 5 

Pencils (except mechanical) and crayons 

40 

293 

1 1 

0.7 

1.8 

Perfumes, cosmetics, and other toilet preparations 

539 

465 

0 1 

0 2 

0.3 

Periodicals: publishing and printing 

600 

1,479 

0 3 

0 4 

0.7 

Petroleum refining. . . . 

485 

69,383 

2 4 

0 4 

2 8 

Pianos 

Pickled fruits, vegetables, vegetable sauces, ami sea¬ 

35 

308 

1 0 

0 5 

1.5 

sonings . 

377 

731 

0 6 

0 4 

1 0 

Planing mills not operated in conjunction with sawmills 

3,076 

4,234 

0 3 

1 0 

1 3 

Plastic materials ... 

38 

2,050 

1 8 

0 8 

2.6 

Porcelain electrical supplies 

42 

912 

3 2 

1 2 

4 4 

Pottery products not elsewhere classifieil 

151 

996 

4 6 

1 4 

6 0 

Poultry dressing and packing, wholesale ^ 

765 

898 

0 2 

0 4 

0 6 

Power boilers and associated jiroducts 

448 

2,458 

0 7 

1.0 

1 7 

Prepared feeds (including mineral) for animals and fowls 

1,383 

4,145 

0 3 

0 7 

1 0 

Primary smelting and refining nonferrous metals 

63 

26,127 

1 5 

1 2 

2.7 

Printing-trades machinery and equipment 

Processed waste and recovered wool fibers, regular 

231 

749 

0.6 

0.8 

1.4 

factories .... 

Professional and scientific instruments (except surgical 

126 

559 

0.8 i 

1.0 

1.8 

and dental) . . . 

218 

476 

0 3 

0 5 

0.8 

Public-buildmg furniture. ... 

106 

373 

0 7 1 

0.7 

1.4 

Pulp mills. 

194 

16,921 

5 0 

2 4 

7.4 

Pumping equipment and air compressors.. 

337 

1,794 

0 8 

0 6 

1.4 

Radios, radio tubes, and phonographs. 

224 

1,841 

0 3 

0.4 

0 7 

Rayon and allied products... ... 

30 

7,114 

2 4 

0 5 

2.9 

Rayon broad woven goods, regular factories 

Rayon yam and thread, spun or thrown, regular fac¬ 

196 

4,548 

0 3 

1 3 

1.6 

tories . ... 

52 

639 

0.6 

1.8 

2 4 

Refrigerators and complete air-conditioning units 
Roofing, built-up and roll; asphalt shingles (except 

309 

3,559 

0.6 

0.7 

1.3 

paint) . . 

129 

1,821 

1.2 

0.5 

1.7 

Rubber boots and shoes (including rubber-soled shoes) 

13 

1,014 

0 8 

1.2 

2.0 

Rubber products, not elsewhere classified 

519 

7.300 

1 2 

1.6 

2.8 
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Table 16-21. Relation between Fuel Cost and Value of Manufactured Products.^ 

{Continued) 





Per cent of value of 


No. of 

Total fuel 

products 

Industry 

and elec¬ 
tricity cost® 




plants 

Fuel 

Elec¬ 

tricity 

Total 

Salt .. . . . . . 

Sausages, prepared meats, etc., not made in packing 

40 

2,230 

7.6 

0.5 

8 1 

houses. . 

1,067 

2,268 

0 4 

0 7 

1 1 

Sawmills, veneer mills, and cooperage-stock mills . 

7,391 

7,664 

0 6 

0 5 

1 1 

Screw-machine products and wood screws 

Secondary smelting and refining, gold, silver, and 

345 

1,715 

0 6 

1 4 

2 0 

platinum . . 

66 

257 

0 2 

0.1 

0 3 

Secondary smelting and refining of nonferrous metals 

108 

1,398 

1 3 

0 4 

1 7 

Sewer pipe and kindred products . . 

65 

2,843 

14 4 

1.1 

15 5 

Sewing machines, domestic and industrial 

39 

514 

1 0 

0 7 

1 7 

Sheet-metal work not specifically classified 

1,262 

1,217 

0 4 

0 5 

0 9 

Shipbuilding and repairing. 

406 

4,138 

0.5 

0 8 

1.3 

Signs, advertising displays, and advertising novelties.. 

1,386 

1,031 

0 5 

0 7 

1.2 

Silk broad woven goods, regular factories or jobViers. .. 

82 

663 

0.7 

1 2 

1 9 

Silk throwing and spinning, contract factories 

Silk yarn and thread, spun or thrown, regular factories 

78 

1,018 

0 7 

5.3 

6.0 

or jobbers. . . . . 

53 

725 

0 4 

1.1 

1.5 

Silverware and plated ware 

150 

793 

0 6 

0.6 

1 2 

Soap and glycerin. 

264 

3,246 

0 9 

0.2 

1.1 

Soybean oil, cake and meal 

47 

1,106 

1 1 

1.4 

2 5 

Special dairy products 

51 

283 

0 2 

0 3 

0 5 

Special industry machinery, not elsewhere classified 

207 

862 

0 7 

0.8 

1.5 

Sporting and athletic goods, not elsewhere classified 

350 

814 

0.5 

0.8 

1 3 

Springs, steel (except wire) . .... 

Stamped and pressed metal products (except automo- 

53 

761 

2 1 

1.2 

3 3 

bile stampings). 

655 

2,982 

0.7 

1 0 

1 7 

Steam engines, turbines, and water wheels 

18 

415 

1 2 

0.5 

1.7 

Steam fittings, regardless of material. 

181 

2,095 

1 0 

0.9 

1.9 

Steam and hot-water apparatus 

68 

1,441 

2 1 

1.1 

3 2 

Steam and other packing; pipe and boiler covering. 

134 

968 

1 9 

0.7 

2 6 

Steel barrels, kegs, and drums . 

64 

608 

0 4 

0 8 

1.2 

Steel castings. 

164 

8,614 

2 7 

3 6 

6 3 

Steel works and rolling mills . . 

253 

161,794 

4 6 

1 3 

5 9 

Stokers, mechanical, domestic, and industrial .. . 
Stoves, ranges,* water heaters and hot-air furnaces 

61 

364 

0 7 

0.8 

1 5 

(except electric) 

449 

4,072 

1 1 

0.7 

1 8 

Surgical supplies and equipment; orthopedic aiipliances 

360 

664 

0.3 

0.5 

0.8 

Tableware, pressed or blown glass, and glassware ^ 

Tanning materials, natural dyestuffs, mordants, assist¬ 

115 

7,609 

6 5 

1.4 

7.9 

ants. . 

158 

952 

1.8 

0.4 

2.2 

Terra cotta 

12 

304 

7 8 

1.8 

9 6 

Textile machinery . .... 

300 

1,520 

0 8 

0.8 

1 6 

Tin cans and other tinware not elsewhere classified 

248 

2,832 

0 4 

0 4 

0.8 

Tires and inner tubes 

53 

8,791 

0 7 

0.8 

1 5 

Tools (except edge tools, machine tools, files, and saws) 

387 

1,875 

1.3 

1.2 

2.5 

Tractors . . . .... 

30 

3,568 

0 9 

0.5 

1 4 

Upholstered household furniture ... 

853 

1,090 

0.3 

0.5 

0 8 

Vegetable and animal oils, not elsewhere classified . 

54 

525 

1.0 

0.7 

1.7 

Vitreous-china plumbing fixtures . . . 

Vitreous-enameled products, including kitchen, house¬ 

25 

968 

3.7 

0.7 

4.4 

hold utensils 

Wallboard (except gypsum), insulation (except mineral 

55 

1,757 

2.4 

1.6 

4.0 

wool). 

124 

2,456 

3.2 

3.7 

6 9 

Wallpaper. 

46 

401 

1 0 

0.6 

1 6 

Whitewear .... 

31 

1,207 

3.4 

1.0 

4 4 

Window shades.. 

273 

277 

0 7 

0 4 

1 1 

Wines . 

301 

513 

0.7 

0.9 

1 6 

Wire drawn from purchased rods 

95 

4,829 

1 3 

1 4 

2 7 

Wirework not elsewhere classified 

669 

2,398 

0 6 

0.9 

1.5 
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Table 15-21. Relation between Fuel Cost and Value of Manufactured Products. ‘ 

(Continued) 


Industry 

No. of 

Total fuel 
and elec¬ 
tricity cost® 

Per cent of vqilue of 
products 

plants 

Fuel 

Elec¬ 

tricity 

Total 

Wiring devices and supplies 

146 

1,287 

0.7 

0 7 

1 4 

Wood naval stores . 

25 

360 

1.7 

0 8 

2 5 

Wood preserving. 

218 

2,092 

1.6 

0 4 

2 0 

Wood products not elsewhere classified . . 

886 

1,178 

0 5 

1 2 

1 7 

Woolen and worsted manufactures, contract factories 
Woolen and worsted manufactures, regular factories or 

76 

748 

3.2 

2.5 

5 7 

jobbers. 

583 

12,465 

1.2 

0 6 

1.8 

Wrought pipes, welded and heavy riveted .. 

49 

1,770 

1 3 

1 0 

2 3 

Totals and averages (254 categories) . . 

146,731 

1,260,626 

1.72 

1.01 

2 73 
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CHEMICAL TREATMENT OF COAL AND COKE' 

FUEL SAVERS 

The idea that the burning of fuels can he improved by mixing or pretreating them 
with chemicals dates back to the early years of the last century. Various patent 
claims include the specific beneficiations of elimination or reduction of soot, smoke, and 
clinker; reduction of the ashes, presumably meaning the total weight of the refuse from 
the ashpit; elimination of sulphur fumes; increase in the rate of burning; increase in the 
time a given charge of fuel would last; and, in most patents, a saving of fuel. Earlier 
patents specified additions up to 80 lb or more per ton of fuel, but since 1860 the 
quantity has rarely been more than 4 lb. 

General Conclusions. After an exhaustive investigation, the U.S. Bureau of 
Mines^ reported that the tests of Eastern coals treated with over 25 such proprietary 
products showed that the treatments made no difference in the results within the 
range of duplication possible in tests of commercial boik'rs operated under conditions 
simulating normal operation. The tests definitely disproved the claims of the vendors 
for large saving of fuel, elimination of smoke and soot deposits, reduction of clinkering, 
or any other change measurable in such tests. Similar tests using Rhode Island 
anthracite also gave negative results. 

The activating ability^ of high-temperature coke, as measured by the average rate 
of burning (overfeed), was increased, particularly at low rates of combustion by some 
of the chemicals tried. Sodium carbonate and molybdenum oxide were the more 
active. The improvement in activity decreased very rapidly with incjreasc in the 
rate of burning. With a treatment of 40 lb of sodium carbonate per ton of coke, the 
average rates of burning per square foot per hour were as follows: 


Rate with no treatment, lb 

1 2 

3 0 

3 4 

9 7 

Increase with treatment, per cent 

22 

10 

8 

4 


In underfeed tests only negligible increases in activating effect were observed with 
heavy treatments of sodium (carbonate. 

No treatment was found positively to decrease the quantity of tar and soot in the 
gases at the stack. 

Neither light nor heavy treatment decreased either the maximum density of the 
smoke or the total quantity of smoke. The average tendeiKjy was for the smoke to be 
increased slightly by treatments. 

No chemical or treatment improved the nature of the (tinkering. With the heavy 
treatments of 40 lb per ton, the quantity of clinker was increased and the slag was 
fused more thoroughly if the addition of the chemic.al lowered the ash-fusion 
temperature. 

Reduction of Caking. The one definite effect of treatments that could be beneficial 
in the burning of coals is that they may reduce the caking in the bed for those coals 
which are not themselves strongly caking. This power to reduce caking amounts to a 
small bui definite effect, which, when subtracted from the normal ability of the coal to 
cake, will make a large difference with a weakly caking coal but no measurable change 
with a strongly caking coal. 

The ability of treatments to reduce caking had the following limitations: (1) it 

* Nxcbocls, P., W. E. Rice, B. A. Landrt, and W. T. Reid, Burning of Coal and Coke Treated 
with Small Quantities of Chemicals, U.S. Bur. Mines Bull. 404, 1937. 

3 Increase in reactivity means that in a fuel bed more fuel will be gasified for the same amount of air 
passing through it, other conditions being equal. 
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decreased with decrease in thickness of the layer of coal fired and, even with the 
weakest caking coal used (rilinois No. 5), it was negligible with a thin firing; (2) it 
decreased with increase in air rate but not to the extent that it did with decrease in 
thickness fired. 

Sodium carbonate was, on the average, the most effective of the chemicals in reduc¬ 
ing caking. Boric acid, molybdenum oxide, and calcium (diloride ranked next, were of 
about equal effpctivoness, and in some individual tests did as well as the sodium car¬ 
bonate. These ratings are based on the results with 20 to 40 lb of chemicals. 

The effectiveness of the chemicals in reducing the caking power lay between being 
directly proportional to the amount used and to its square root. The effectiveness of 
4 lb per ton was appreciable only with Illinois No. 6 coal and became increasingly 
negligible as the caking power of the coal increased. 

A treatment with water alone also reduced caking. Water was the more effective 
with coals actually able to absorb water. With certain coals 8 per cent water was as 
effective as 2 per cent chemicals. As with chemicals, water was less effective as the 
caking power of the coal increased. 

DUSTPROOFING COAL BY CHEMICAL TREATMENT^ 

Calcium Chloride 

Among conclusions reached by Battelle Memorial Institute as to the use of calcium 
chloride as a dustproofing agent are: 

1. Based on tests 1 week after treatment, calcium chloride satisfactorily reduces the 
dustiness of domestic stoker coals from scams having inherent or bed moisture contents 
of 8 per cent or less. 

2. Coals of high inherent moisture content, of the order of 18 per cent, are not 
effectively treated with calcium chloride because of the rapid absorption of the treat¬ 
ing material into the coal. 

3. The dustiness of (;oals treated with calcium chloride increases with time of 
storage because of absorption of the treated material into the pores of the coal; but 
even after 3 months of indoor storage, the dustiness of coals having inherent moisture 
contents of 8 per cent or less is much less than for the untreated coals. 

4. A high relative humidity should be maintained in the coalbin to decrease the 
dustiness of coal treated with a hygroscopic material such as calcium chloride. To do 
this the bin should be sealed from the basement to prevent air circulation and to keep 
the bin cool. Occasional sprinkling of the surface of the coal with water will also be 
helpful. 

5. The rates of appli(!ation required for effective treatment differ for various coals 
but are in the order of 7 to 10 lb calcium chloride per ton of coal for coals having 
inherent moisture contents of 8 per cent or less. 

The Battelle experiments did not show a conclusive superiority of either the dry or 
the solution method of application of calcium chloride. If dry-flake calcium chloride 
is applied to dry coal, the addition of water at the time of treatment is advised to 
obtain rapid uniform distribution of the calcium chloride over the coal. 

Disadvantages of Calcium Chloride Treatment. Scollon^ has listed five disadvan¬ 
tages of calcium chloride treatment that have been claimed but not all definitely 
proved: 

1. All chemical treatments using hygroscopic salts are of a corrosive nature. 

2. Rain washes off the treatment. 

1 From Shbrmak, Ralph A., and Geobgb W. Land, The Dustless Treatment of Coals with Calcium 
Chloride and Other Materials, Battelle Memorial Institute progress report. 

* ScoLLON, R., Problems Relating to the Dustproofing of C^l, Proc. ith Ann. Coal Con/., West Va. 
Univ., 1941, pp. 01-95. For further data on coal treatments, see “Coal Preparation,” Chap. 21. 
Treatment of Coal Surfaces, pp. 653-685, Seeley W. Mudd Memorial Volume, AIME, 1943. 
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3. Men object to working around calcium chloride mist. 

4. Treating solution must be dissolved or diluted at the place of treatment. 

5. Porous coals absorb calcium chloride and be(!ome as dusty as ever. 

Clarixm Extract. Battelle also tested a paper-mill liquor, (Clarion extract. It was 
found not to be effective by itself in reducing the dustiness of coal, but the application 
at the rate of 3 gal per ton of coal of a solution of 2 parts of the extract with 1 part of 
water plus lb calcium chloride per gal solution was very effective in reducing the 
dustiness of one coal of 3.2 per cent inherent moisture (Elkhorn). 

Table 16-1. Amounts of Calcium Chloride Solution of Specific Gravity 1.22 Required 
for Various Ranks and Sizes of CoaP 




Calcium chloride/ 



ton of fuel 

Rank 

Size and use 





Gal 

Lb« 

Anthracite . 

Buckwheat for stokers 

K 

2V4. 

Anthracite . 

Prepared, domestic size 

1 

3 

Bituminous:. . 

Prepared, domestic size 



Hi|?h-volatile. 

Lump, egg 

1 

3 

High-volatile . 

Stoker; nut, pea, slack 



Low-volatile 

Low for domestic use 

2^4 

m 

Semibituminous . ... 

All 

3 

9 

Coke 

Household grades and sizes 

2 

6 


^ Recommendations of Michif^an Alkali Co. 

® As used in dry-flake form instead of solution. 

REMOVAL OF SOOT BY THE USE OF SALTS OR COMPOUNDSi 

According to a popular belief of long standing, flues and furnaces can be cleaned of 
soot accumulations by throwing common salt on the fin^. As an alternative to com¬ 
mon salt, zinc wastes, old dry batteries, and even tin (^ans have been used. There are 
also a number of patented or proprietary compounds or mixtures sold under the gen¬ 
eral names of soot removers or chimney cleaners. The claims in the advertising 
matter on such preparations sometimes include those of preventing the formation of 
smoke and the deposition of soot. 

Theory and Effectiveness. The action of soot removers is to produce conditions 
so that the soot will ignite at a lower temperature and burn more easily. There is 
none of that magic action which is often implied in the sales material. The effective¬ 
ness of the burning varies with the composition of the remover but is also largely a 
matter of chance of the condition being favorable. They will usually produce at 
least some reduction of the soot in the furnace and flue pipe, but their action does not 
often extend to the chimney. They have no effect on the ash mixed with the soot. 
This ash not only does not burn and must be removed by hand as before, but it also 
prevents complete burning of the soot mixed with it. 

The Bureau of Mines investigation showed that, insofar as a material thrown on the 
fire may remove soot, it is done by the process of the material burning or being volatil¬ 
ized and forming a vapor or smoke which settles on the surface of the soot; it was 
further shown that a deposit of many metallic salts, particularly chlorides, will lower 
the temperature at which soot will catch fire and, when once ignited, will make it burn 
more vigorously (see Table 16-2). For the soot to be able to burn, the gases in contact 
with the soot must have a high enough temperature to ignite it, and they must contain 

1 Nichollb, P., and C. W. Staples, Removal of Soot from Furnaces and Flues by the Use of Salts 
or Compounds, U.S. Bur. Mines Bull. 360, 1932, 
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some free oxygen. Only with this combination of conditions may there be a beneficial 
result from the use of soot removers. 


Table 16-2. Ignition Characteristics of Soot as Treated with Various Salts^ 


Compound used 

Max 
without 
ignition, 
deg F 

Max 
with 
ignition, 
deg F 

Ignition 
mean 
temp, 
deg F 

Decrease 
from 
1135°F 
in air 

Remarks 

None (pure soot) 

Zinc 20 per cent, salt 80 per cent 

1225 

879 

1047 

862 

1135 

871 

264 

Good deposit 

Stannous chloride 

868 

850 

859 

276 

Good deposit 

Brass filings 20 per cent, salt 80 per 
cent 

859 

850 

855 

280 

Poor deposit 

Load 20 per cent, salt 80 per cent 

859 

847 

853 

282 

Dense fumes 

Red lead 50 per cent, salt 50 per cent 

829 

799 

814 

321 


Lead carbonate 20 per cent, salt 80 
cent . 

799 

795 

797 

328 

Dense fumes 

Copper 20 per cent, salt 80 per cent 

739 

709 

724 

411 

Similar to salt 

C/opper sulphate 20 per cent, salt 80 
per cent 

754 

739 

747 

388 

Did not sublime well 

(hipric carbonate 20 per cent, salt 80 
per cent 

709 

673 

691 

444 

Did not volatilize well 

Common salt 

976 

962 

969 

166 

Good fumes 

Calcium chloride 

921 

901 

911 

1 224 

Fumes not dense 

Chloride of lime 

918 

889 

904 

231 

Fumes not dense 

Zinc chloride 

915 

885 

900 

235 

Good fumes and deposit 

Ferric chloride 

903 

895 

899 

I 236 

Fair fumes with chlorine 


1 Condensed from a more extensive table m U.S. Bur. Mines Bull. 360, p. 19, Table 5, 1932. 


Relative Effectiveness of Various Materials. All the proprietary materials investi¬ 
gated e.ontained one or more ingredients which had been found to be more or less 
effective in aiding the soot to ignite and burn; the other ingredients in some are useless 
but otherwise do no harm. Common salt in large percentages occurs in most of them, 
and some (consist entirely of common salt mixed with some powder to color and 
disguise it. 

A large number of metallic salts are more or less effective, the effectiveness of the 
deposits formed by using the more common chlorides being in the increasing order of 
common salt, chloride of lime, zinc chloride, tin chloride, lead chloride, and copper 
chloride. However, a householder is limited to such materials as can be purchased at 
retail stores at reasonable prices. Very few of the materials found to be most effective 
can be so purcdiasc'd, but a few are suggested as follows: 

Common salt, in the form of rock salt or ice-cream salt. While this is the most 
available and cheapest material, it is not the most effective; there should thus be a 
good bed of very hot coke when common salt is used. Two or three teacups are suffi¬ 
cient for the average domestic furnace. 

Chloride of lime, which is sold as a disinfectant, bleaching powder, etc. It is more 
expensive than common salt, and it is questionable as to whether it will be found to 
be more effective. 

Mixture of dry red lead and common salt in proportions of 1 lb red lead (purchased 
at paint and hardware stores) to 10 lb salt. One heaped teacup per application on 
average furnaces, two for large furnaces. 

Mixtures of dry white lead and common salt, more difficult to buy but better than 
red lead because it vaporizes more readily. The carbonate of lead must be used and 
not the sulphate. The mixture should be 1 lb lead to 5 lb salt. 

The two lead mixtures are the most effective that can be made from readily avail¬ 
able materials and were found to be more effective than any proprietary compound 
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available at the time of the investigation. Caution: Lead salts are poisonous and 
should be used with extreme care. Do not touch with the hands or inhale the powder. 
Do not close the stack dampers to a point where the fumes will escape into the cellar. 

Old dry-cell batteries contain the required ingredients. It has been established 
that, when they are thrown in a hot furnace, the soot usually burns. Because of their 
size, they are slow in burning, and quicker action will be obtained by chopping them 
up. 

General Instructions. Start with plenty of fuel, burning well. Clear a portion of 
the surface to exposed red-hot coke. Close the ashpit damper and fire-door slots, and 
scatter the remover over the red-hot coke. Reduce the draft by closing the choke 
damper or opening the check damper, but not enough to cause smoke to discharge to 
the cellar. Let the remover “stew” in this way for 10 to 20 min. Then let the fire 
burn as fiercely as it will by damper manipulation. Remember that there must be 
oxygen in the gases at this phase, so open the fire-door slots or even the door (slightly). 
The success of the cleaning will then still be subject to considerable chance. How¬ 
ever, there is one further step which can be taken, viz., to throw wood (preferred) or 
paper on the fire. It is well known that soot can be burned out without using a 
remover, provided that enough paper is burned in the furnace. 

The chances of success are greater in a warm-air furnace than in a steam or hot- 
water heater becaiise of the hotter flue gases. 

Chances of success with cookstoves are very questionable because of low combustion 
rates. 

Hazards Involved. The burning of the soot seldom extends beyond the smoke pipe. 
However, this will sometimes get red hot, and occasionally soot will burn in the 
chimney. Thus compounds should not be recommended unless the chimney is 
known to be in good condition, if the roof is of a type likely to be set on fire by burning 
soot. 

Ineffective with Anthracite. Anthracite produces fly ash but not soot. In fact, 
soot found in anthracite-burning furnaces may always be traced to the burning of 
garbage or paper, to the starting of fires with other fuels, or to the previous use of 
other fuels. No soot remover or chemical which can be employed will affect fly ash 
or unburned coal. In fact, even when bituminous coal has been burned, the soot 
remover will leave such materials to be scraped out manually. Thus, soot removers 
should not be tried unless the material is known to be soot. 

FREEZEPROOFING TREATMENT 

1. Oils and oily substances which make the coal surfaces resistant to wetting and 
mechanically deter cementing of the coal particles by freezing. Oil treatment of 
stoker coal and nut slack grades requires 3 to 12 gal per ton sprayed on the coal. 
This will prevent freezing in moderately cold weather. Further, the oil will not 
corrode the cars, the coal-handling, and the storage equipment. 

2. Water-soluble salts that reduce the freezing temperature of the water. Any 
given concentration of salts has a given depression of the freezing point. Hence the 
coal may be conditioned to meet any anticipated freezing weather. Table lfi-3, 
compiled by Bituminous Coal Research, Inc., shows recommended quantities of rock 
salt or calcium chloride for freezeproofing coal shipments. Some of these same 
materials are also used to “dustproof” the coal, particularily domestic coal. 

However, the treatment may be partly nullified by dilution with rain or snow, or 
the salt may be carried away by draining out with the initial water. Cheap salts 
most commonly used for freezeproofing treatment are commercial calcium chloride or 
rock salt. These salts will generally have a corrosive effect on the coal-handling and 
storage equipment. In some cases, these salts will tend to form agglomerations on 
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Table 16-3. Recommended Quantities of Rock Salt or Calcium Chloride fox^Rreeze^ 

proofing Coal Shipments 



Surface moisture, per cent 


1 Surface moisture, 

per cent 

Temp, 
deg F 

3 

6 

9 

Temp, 
deg F 

3 

6 

9 


Lb/ton of coal treated 


Lb/ton of coal treated 

20 

3 4 

6 8 

10 2 

-10 

8.2 

16.4 

24.6 

10 

5 0 

10 6 

15 0 

-20 

9 2 

18 4 

27.6 

0 

6.6 

13 2 

19 8 






stokers. There arc several suitable proprietary treatment reagents in which the 
base salt is modified to improve its effectiveness for special conditions and to mitigate 
the corrosive effect on equipment (see Table 16-4). 


Table 16-4. 


Preventive Treatment Materials, Soluble Salts, Oils, and Compounds 

Material Source of Supply 


Coni pound M 

Coaladd 

Oiladd 


Calcium chloride. 


Sealito. 

Coal-spray oils 
Oil-spray equipment 


. Johnson-March Corp. 

{ The Dow Chemical Co. 
Wyandotte Chemicals Corp. 
Solvay Sales Corp. 
Pittsburgh Plate Glass Corp, 
. Midland Sealite Corp. 
f Standard Oil Co. of N.J. 

1 Texas Co, 

{ Viking Mfg. Co. 

J. C. Corrigan Co. 


Methods of Applying Salt Treatments. Where it is desired to ‘^diistproof only,^' 
the salt is sprayed on the coal in the form of an aqueous solution. However, where it 
is desired to freezeproof the coal, it is considered better to add the dry salt to the coal 
to avoid adding more water. For even application of dry salt, this can be achieved 
mechanically. For most effective application, the salt may be concentrated at the 
sides and the bottom of the car, where it is first subject to cold penetration. This 
type of distribution is expensive, since it must be a hand operation. 

Some shippers treat the coal very heavily over the car hoppers, to ensure that the 
unloading will at least start. The remainder of the coal may then be more readily 
broken out by means of bars. Even if freezing is not entirely prevented, freezeproof¬ 
ing is helpful in unloading and handling. 

For severe cold conditions, because the freezeproofing is costly, it is probably more 
economical to freezeproof partly and apply heat or mechanical aids, or both, at the 
unloading point. Generally a combination of some heating system and a mechanical 
aid is utilized. For detailed descriptions of some of the mechanical agitators, refer to 
C^hap. 18. 

Salt Detrimental to Stokers. Common salt is likely to cause very serious combus¬ 
tion difficulty on certain underfeed stokers, because of its precipitation and collection 
on the cooler parts of the retort to block air holes and even (;oal passage. 

Preventing Frozen CoaU Frozen coal shipments are a result of the freezing of free 
surface water collected in the interparticle spaces. This water is usually a residue of 
the coal-cleaning process to reduce ash-forming impurities. 

1 Kramer, A. W., More on Handling Froeen Coal, Power Oeneration, vol. 62, No. 9, pp. 74, 75, 
September, 1948. 
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Preventive Treatment. Well-screened, washed, and prepared sizes drained on 
screens generally will not freeze, since the water tends to run freely from coal free of 
fines. 

Screenings and slacks will retain more surface water. To free them of serious 
freezing in moderate weather, they may be centrifugally dewatered, but thermal dry¬ 
ing is more effective. Even with thermal drying, shipments of open-top cars are 
vulnerable to the weather. Slack % by 0 is generally considered to be safe from 
freezing if surface moisture is less than 5 per cent before shipment. However, condi¬ 
tions of degree of exposure to decreased temperature, moisture, and distribution of 
moisture through the car vary so widely that it is unsafe to set up a definite specifica¬ 
tion that will assure freedom from freezing. 

COAL DEWATERING AND DRYING 

COAL DEWATERING^ 

Moisture, which can be removed by heating the coal up to 100°O (212°F), may be 
retained in various forms: 

1. As a film, on the surface of each coal particle, and in the interstices between 
particles, retained by capillary forces. 

2. Moisture occluded^’ inside the coal particles. This may be either free mois¬ 
ture (as in a sponge) or hygroscopic moisture which varies with atmospheric! conditions 
(also called ‘‘regain*’)- 

The latter forms of moisture are particularly common in young coals (subbituminoiis 
and lignites), bloom coals (seam outcrops), fusain, and carbonized products. 

The remainder of this section c.onsiders only the removal of free! moisture, exclusive 
of hygroscopic moisture. 


Table 16-6. Comparison of Dewatering and Drying Equipment 


Type 

Material size 
best adaptc<l 

Advantages 

Disadv antages 

Drain, shaking 
screens, etc. 

+ }i to in. 

Process simple and 
inexpensive 

Choking of perforations, mesh. Slime dis¬ 
charge in effluent water 

Filters 

Fine-coal sludge 

Discharge water fairly 
clear. Less space 
than settling pond 

Must be flocculated for efficient filtration. 
Product usuallv requires thermal drying 
for final moisture elimination 

Centrifugal ... 

— % to 48 mesh 

Large capacity with 
small space require¬ 
ment. Dewater 
more rapidly with 
drier product than 
any other metliod 
other than heating. 
Low power consump¬ 
tion 

Preliminary dewatering over shaking 
screen to help iierforrnance and efficiency. 
Slime discharge in eflauent water. De¬ 
gradation of product. Product having 
high per cent close to 48 mesh causes 
wear of screens 

Thermal drier.. 

Sludge, to Ihi in. 
depending on 
design 

No slime-bearing ef¬ 
fluent water. Pos¬ 
sible to produce 
product with zero 
per cent moisture 

Highest coat per ton of coal handled. 
Equipment most complicated. Degrada¬ 
tion in larger jiroduct sizes in rotary 
types 


The term drying is usually reserved for the removal of water by evaporation, while 
the initial phase of the mechanical removal of free moisture is a distinct operation, 
covered by the term dewatering. 

In all cases, the free water carried over the surfaces of the coal particles or in their 
interstices or in their pores is retained by capillary forces. Dewatering is accom¬ 
plished by breaking or counteracting these capillary forces. Removal of as much 
1 VissAC, G. A., A Technical Study of Coal Drying, Trans. ASME, February, 1949, pp. 56-00. 
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water as possible by dewatering methods is usually advisable, as the cost of these 
operations is generally much less than by evaporation. 

The most common methods of mechanical dewatering arc: 

1. Pressure piling, which reduces the interstitial spaces, accomplished in dewater¬ 
ing bins or over dewatering screens. 

2. Dynamic methods, such as used in centrifuges or over vibrating screens. 

3. A third method, preferential wetting, in which surface water can be displaced 
by hydrocarbons, offers possibilities but is not yet in extensive practical use. 

As the capillary forces retaining water on the coal surfaces decrease considerably 
with increased temperatures, a popular type of drier includes a dewatering section. 
As the coal enters the drier and is gradually brought up to higher temperatures, its 
dewatering ability is increased, and advantage can be taken of this condition to result 
in increased drying efficiencies and reductions in drying costs. 

Drainage. The choice of dewatering methods depends on the size of coal, the 
amount of moisture reduction desired, and the size of the washing plant. For 
dewatering plus approximately J^-in. coal where the preparation process is relatively 
simple and inexpensive, there are a number of methods: (1) drainage hoppers and bin; 
(2) conveyors and chutes fitted with slots; (3) round-wire, wedge-wire, and slotted 
stationary screcuis; (4) shaking screens; and (5) perforated bucket elevators. 

For drainage dewatering of sizes under approximately in. the same type of 
equipment used on coarse sizes is employed. To secure complete drying, centrifuges, 
suction filters, dewatering elevators, and screens must be used in connection with 
sludge tanks and thermal drying. 

Table 16-6. Washed Coal Dewatered on Shaking Screens 



1 

Size of product <le>^atered 


No. 



Per cent surface 

Range 

Mean 

moisture 


1 

2 X 4 m. 

3 00 

1 1 

2 

2 X 3 m. 

2 50 

1 5 

3 

Uh X 2 in. 

1 56 

1 8 

4 

^8 X 2 in. 

1 18 

3 6 

r> 

?8 X 114 ill* 

0 81 

4 2 

6 

28-irieah X He in. 

0 23 

11 5 

7 

48-mehh X Mg 

0 156 

16 6 

8 

60- X 14-mesh 

0 027 

23 3 


Note: Where the final moisture desired on fine-coal slack is below approximately 10 to 16 per cent 
and where transit is short, it is necessary to install dewatering equipment of different types, such as 
centrifuges or heat driers. 

Filtration. Filters are used in the dewatering of froth-flotation concentrates and 
fine-coal slurries from thickeners; they may also be used to remove fine refuse from 
wash water to prevent stream pollution. Filtered coal usually reqiures further 
dewatering by heat drying. 

The rate of filtration is greatly affected by the size and spacing of the pores in the 
filter cloth. Proper pore size is desired to permit easy passage of the water and to 
allow bridging of the solids over the pore for the building of the filter-cake structure. 
Fast filtration occurs when the mean diameter of the particle size is greater than the 
mean pore spacing. 

Filtration is usually, and more effectively, carried out with floccixlated pulps. The 
Pittsburgh Coal Co. uses a starch coagulant to assist clarification in its thickeners and 
adds additional starch to the filter feed. Without flocculation, the slimes are first 
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sucked to the filter medium, which becomes partly blinded. With a flocculated pulp, 
each floe contains coarse and slime particles and the floe is drawn to the filter medium, 
depositing coarse particles quickly. The coarse particles form a screen on the filter 
cloth, which protects the filter medium from being blinded by the fines. The filtra¬ 
tion rate of a dispersed slime may be 50 to 200 times slower than when flocculated. 
Flocculation generally is carried out in both thickening and filtration, since these 
operate Sequentially. Careful control of flocculation is essential for satisfactory 
filter operation. 

Continuous-suction filters are the only kind that arc used commercially for filter¬ 
ing coal slurries in the United States. The intensity of the force that can be applied 
between the sides of the filtering medium of suction-type filters cannot be greater than 



Fig. 16-1. Centrifugal and mechanical industrial drier. Diagrammatic representation 
of centrifugal drier—none of the driving gear shown. Water is squeezed through the 
perforations of the basket screen which is revolving at a slightly higher speed than the 
spiral hindrance flights. Coal scrapers revolving at relatively low speed carry the coal 
around to the coal discharge chute. This type is also available with a gravity discharge 
instead of the coal scrapers. 

1 atm (30 in. Hg). To maintain a high vacuum, a bed of to % in. must be carried 
to prevent undue passage of air through the bed. 

Centrifugal Drying. Centrifugal drying is a rapid mechanical method for drying 
slack sizes of coal, usually — in. in size. In this method, the washed coal is sub¬ 
jected to a spinning action in a perforated basket, the water being forced out of the 
basket through the perforations. One of their great advantages is the handling of 
fine coal with a considerable amount of free moisture present. This type of drier will 
take fine-coal feed with as much as 80 per cent free moisture and deliver a product 
with a relatively low moisture content of 5.5 per cent. Other advantages include the 
utilization of a small amount of floor space and the fact that the power consumption 
is not excessive. While machines of the intermittent type arc generally used in the 
drying of most industrial products, the drying of coal requires the use of a continuous 
machine in order to secure high capacity, a product of uniform moisture content, and 
consistent physical and chemical properties. 

Since centrifugal driers tend to cause degradation of the product because of high 
rotational speed, it is advisable to treat sizes that have already broken down to 
natural cleavage, such as 6 to 48 mesh, or at most, ^ to 48 mesh. If a large amount 
of 48 mesh is present, maintenance will be high, since the passage of fines through the 
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basket with the effluent rapidly wears the cloth of the basket. Preliminary dewater¬ 
ing over shaking screens helps performance and reduces maintenance. 

The moisture content to which — 5^-in. coal can be reduced is dependent upon such 
factors as amount of feed, size characteristics of the feed, peAentage moisture of the 
feed, amount of screen surface, size of screen perforations, and thickness of beds on 
screens. Tests have shown that frequently a reduction of both sulphur and ash occurs 
in the dried product as compared with the feed. The treatment of the effluent 
obtained in centrifugal drying still remains a problem. 

The C-M-I drier (Fig. 16-1) is a continuous type, vertical axis, consisting of two 
rotating units, an outside conical screen frame and an inside solid cone carrying spiral 
hindrance flights. Both units rotate in the same direction, but the screen unit moves 



Fia. lG-2. Carpenter drier. Diagrammatic presentation of a centrifugal drier—none of 
the driving gear shown. Centrifugal action forces the water out of the coal through the 
perforations in the three-step basket. {McNally Pittsburg Mfg. Co.) 

slightly faster than the cone carrying the spiral flights. The feed enters the machine 
at the top and falls down on the cone where the centrifugal force throws it against the 
screen. It slides down the screen until it meets the upper end of the flights and 
gradually finds its way to the bottom of the screen cone. 

The Carpenter drier (Fig. 16-2) is the vertical type. The machine consists of a 
rotating conical unit with perforated screen sections which are cut and rolled to form 
the surface of the cone. The wet feed material is delivered to a small conical hopper 
inside the drier casing and is distributed by a distributing disk to the top of the screen 
sections in an even layer. The thickness of the layer can be adjusted by raising or 
lowering the distributing disk. The material is thrown against the top screen and 
starts to progress downward, releasing moisture as it advances over the screen surface 
(see Table 16-7). 

The Bird centrifugal filter is primarily used for dewatering slurries. It is a horizon¬ 
tal type, and, unlike the Carpenter and the C-M-I, it requires no baskets or screens. 
This machine has two rotating units, a bowl and a screw conveyor. The bowl is in 
the shape of a truncated cone. The screw conveyor rotates inside the bowl at .a 
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slightly lower speed in the same direction of rotation. The solids are moved forward 
by the conveyor as fast as deposited, being carried above the level of the effluent or 
filtrate for an interval ^efore leaving the bowl. Adjustable effluent-discharge ports 
are located in the larg *end of the bowl so that the level of liquid is maintained at a 
desired height. The dried product and the filtrate are discharged continuously, at 
opposite ends of the bowl, and can be conveyed where desired. 


Table 16-7. Moisture Reduction and Relation of Coal^ 



Moisture 

Moisture 

Size ratio in feed" 

Itom 

in feed, 
per cent 

in 

discharge, 
per cent 

No. ! 
4 

No. 

10 

No. 

14 

No. 

48 

No. 

100 

Minus 

No. 

100 

Minus 

No. 

48 

1. Dewatering elevator** 

75 0 

26 0 

24 0 


38 5 

28.0 

4 5 

5 0 


2. Dewatering screen® 

3. Carpenter driers, AR- 

75 0 

18.0 

18.0 


42 5 

31.0 

5 5 

3 0 


12 ... 

4. Carpenter driers, AR¬ 

22 5<» 

6.5 

24.0 


38.5 

28 0 

4.5 

5 0 


IA . 

23 3^* 

5.2 

20.0 


44 5 

30.0 

3.5 

2 0 


5. Carpenter driers, AR- 

IB®. 

6. Carpenter driers, AR- 

19 0 

9.1 

19.5 


36.5 

31 5 

7.5 

5 0 


4/. 

20 2 

7.2 


69.3 

8 7 

20.0 


1 

2 0 


« Tyler standard-screen sieves, sizes in mesh. 

'' Elevator discharges onto distributing conveyor, which feeds AR-12 driers, 
e Dewatering screen discharges onto distributing conveyor, which feeds AH-1 dnt'r (item 4). 

After passing over 9 ft of wedge wure in distributing conveyor. 

« Receives feed from dewatering elevator and storage bin 

f The AR-4 type, operating on Pittsburgh seam other than Pittsburgh Coal Co. and handling — ^ e-in. 
coal. 

* CuDWORTH, Jamks R., and Ellis S. IIkrtzoo, Dewatering and Drying Coal, U,8. Bar. Mtnes 
Inform. Cxrc. 7(K)9, 1938. 


Table 16-8. Performance of Carpenter Drier^ 


Feed, tons/hr 

1 

45 

1 

35 

35 

40 

Moisture in feed, per cent 

18 

27 

26 

17 

Surface moisture in product per cent 

6 

7 5 

7 3 

4 0 

Size of feed ... 

H in. X >2 nim 

4 m X 0 

4 m X 0 

?8-m X 0 


1 The McNally Pittsburg Mfg. Corp. 


There are two general uses for Bird filters in the industry. The first of these is the 
dewatering of clean coal, say — in. or finer, as discharged from the cleaning equip¬ 
ment, which might be tables, launders, heavy mediums, jigs, etc. The second use is in 
conjunction with water clarification, these machines being employed in those plants 
which must have a closed water system. 

When handling — in., the industry usually requires the largest filter which is 
built, the 54- by 70-in. size. This unit has a maximum capacity of about 50 tons 
dried coal per hr. The feed will contain anything from 25 to 40 per cent solids; the 
cake discharged from the filter will contain from, say, 5 to 10 per cent, the filtrate 
approximately 5 per cent solids. The moisture retained in the cake is dependent 
entirely on the quantity of fines, r.e., ~200-mesh coal, which is present in the feed. 
The greater the quantity of fines, the higher the moisture content in the cake. A 
typical example obtained from the installation at the Marianna plant of the Bethlehem 
collieries indicates a feed containing about 17 to 18 per cent —200-mesh fines. The 
cake discharged from the Bird filter contains about 8.5 per cent surface moisture, the 
filtrate about 7.5 per cent solids. This plant is operating with a closed water circuit, 
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and the solids in the filtrate build up to the figure shown and hold there. Power 
required is about 100 to 110 hp, or roughly 2 hp per ton. 

The second use for Bird filters, i.e., where the clarifying units are used, is usually 
employed in plants which either have a high clay content in the coal coming from the 
mine or employ a cleaning system such as a Chance cone, which requires a silt or 
degraded sand drawoff. In these plants a portion of the water, quantity determined 
by the amount of solids which must be removed to keep the water system in balance, 
is handled in 40- by 60-in. Bird clarifying units. The usual feed would contain, say, 
15 per cent solids, the solids being all approximately —48 mesh in size. The cake 
from the Bird filter would contain about 25 per cent moisture and would usually be 
discarded with the refuse. The water in turn, which would contain from 1 to 3 per 
cent solids, is returned to the process for reuse. This size unit is usually driven with 
a 75-hp motor, and power demand is something on the order of 50 to 55 hp. 

THERMAL DRYING 

Heat Drying. In the final phase, after dewatering, the remaining moisture must be 
evaporated. Coal and water must be bro\ight up to the chosen temperature of evapo¬ 
ration, and heat must be supplied to fill the requirements of the latent heat of evapora¬ 
tion of the water to be removed. 

Accordingly, drying becomes largely a problem of heat transfer, and drying methods 
can be classified accordingly, viz.: 

1. Radiant transfer 

2. Transfer by surface contact and conduction 

3. Transfer by hot-gas contact 

The first method is not applicable to coal drying; the second method is used in the 
old-type rotary driers; and the third method is the most commonly used in modern 
coal driers. In all but the smallest capacity driers, a continuous method of drying is 
to be preferred over batch methods. 

The mechanism of complete drying is very complex, involving the several phases of: 

1. The constant-rate period 

2. The uniform falling-rate period 

3. The varying falling-rate period 

However, as coal rarely needs to be completely dried (under per cent), it is 
usually sufficient to consider constant-rate drying only, as has been done in the 
remainder of this section. 

Drying Characteristics of Coal. Before attempting the design of a drying plant, 
it is essential to determine the drying characteristics of the coal to be treated, in other 
words, to establish the relative drying difficulties. 

One method of such analysis consists in plotting the drying curves of the coals under 
c!onsideration. Drainage factors are first established by allowing coal, fully saturated 
with water, to drain for a fixed period of time. The final moisture contents are based 
upon practical experience, coal characteristics, and actual requirements, and the hours 
required to reach this per cent moisture are considered the drainage factor of the coal 
at hand. 

Example. If a given coal requires 12 hr to drain down to 10 per cent, the predetermined 
desired moisture, its drainage factor will be considered to be 12. 

Drying factors are established in the same manner; coals are allowed to dry in a 
heated laboratory under certain constant conditions of evaporation. The hours 
required to dry from the final point of drainage to the required point of drying are 
considered to be the drying factor of the coal at hand. 

This drying factor is controlled by a combination of the coal and size characteristics 
as well as by the particular requirements of the individual drying problem. 
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Calculation of Drier Efficiency. The efficiency of a heat drier is equal to the 
quotient of the heat actually used for evaporation, by the total heat supplied. 

Example (Refer to Table 16-9, operation 1, hot gases at 400°r); 


Heat used for evaporation 
Total heat required by drier 


102,400 Btu 
169,000 Btu 


= 60.6% 


Similarly, in operation 2, from the same table, with the hot gases at 660°F, the 
efficiency may be shown to be 50 per cent. This thus provides a further illustration 
of the advantage of operating at low temperatures. 



Percent wafer 

Fig. 16-3. Effect of moisture content on coal weight per cubic foot. {Price, J. D., and 
Bertholf, Coal Washing in Colorado and New Mexico, Mining Transactions AIME, April, 
1949, p. 103.) 


However, in arriving at the figure of 169,000 Btu in the example above, it had been 
previously assumed that only 75 per cent of the heat in the coal would ac;tually be 
available for drying. Therefore, the total efficiency, or over-all efficiency, of the 
drying plant will be 0.75 X 0.606, or 45 per cent, for operation 1 and 0.75 X 0.50, or 
37.5 per cent, for operation 2. 

Cooling and regeneration will increase the above efficiencies materially. 


Table 16-9. Typical Operating Data with Driers at Two Hot-gas Temperatures^ 



Ojieration 1 

Operation 2 

Temperature of evaporation, cleg F 

120 

140 

Volume of hot gases, cfm . 

34,000 

18,800 

Temperature of hot gases, deg F 

400 

660 

Btu required for; 



Evaporation (100 lb), Btu . 

102,000 

101,300 

Heating water and coal, Btu. 

36,000 

48,000 

Radiation loss, Btu. 

30,600 

54,000 

Total Btu/min. 

169,000 

203,000 

Total Btu/hr . 

10,140,000 

12,198,000 

Hp required for drier fan... . ... 

50 

27 

Kwhr. 

38.5 

20 25 


VissAc, G. A., Trans. AIME. 
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For a true comparison of the efficiencies of various drying plants, other factors must 
be taken into consideration. 

For example, it has been estimated that the exhaust gases from the drier will be at 
75 per cent saturation. This is an actual minimum, obtained by experience, which 
applies to most driers. However, in actual practice this figure may have to be 
checked; a lower saturation will indicate lack of sufficient contact between coal and 
gases, because of faulty design or faulty operation. 

Drying at Low Temperatures Usually Desirable. It is usually desirable to operate 
a coal drier at low temperatures, in order to obtain not only the maximum efficiency 
but also the best safety of operation. In this connection, it is important to know the 
kindling temperature of the material at hand. (Typical kindling temperatures are 
given in Table 11-15.) 

Another frequent advantage of the operation of a drier at low temperatures is the 
possibility of using the exhaust gases available from existing boiler plants, or carboni¬ 
zation plants. 

In order to operate at low temperatures and still handle large tonnages of coal, a 
coal drier must be able to handle proportionately large volumes of gases. 

Influence of Hot-gas Temperature. Table 16-9 illustrates the effect and conse¬ 
quences of a change in the hot-gas temperatures. As is shown in the two arbitrary 
examples, increasing the hot-gas temperature from 400 to 660°F reduces the required 
volume from 34,000 down to 18,800 cfm, and the fan consumption from 38.5 kwhr of 
electricity to 20.25 kwhr, but the Btu required are increased by 2,000,000 Btu per hr. 

Normally, with a drier adapted to take care of the increased volume, f.e., the same 
water gauge, the operating balance is definitely in favor of the low temperature, viz,: 

1. Operation 1, an increased power consumption of 18.25 kwhr, or 183 in a 10-hr 
day, or 91 cents per day 

2. Operation 2, an increased coal consumption of 1 ton a day, worth considerably 
more 

To give a wider picture of the influence of the hot gas temperatures. Table 16-10 
has been prepared to show the corresponding volumes and temperatures with tem¬ 
peratures of evaporation (temperature of gases at the drier exhaust) of from 110 to 
145°F. 


Table 16-10. Conditions Required for the Evaporation of 1 Lb of Moisture per 

Min^ 


Temp of evaporation, deg F 

110 

115 

120 

125 

130 

135 

140 

145 

Volume of hot gases required, cfm'*., . 

495 

405 

340 

289 

251 

220 

188 

167 

Temp of hot gases in duct, deg F. 

300 

350 

400 

460 

520 

580 

660 

750 


^ ViBSAC, A. G., Trans. AIMS. 

® As measured at 60°F and sea level. 


Factors Affecting Selection of a Type and Size of Drier^ 

In a recent very comprehensive study of drying characteristics and drier perfor¬ 
mance, Lyons and Richardson^ listed the factors affecting drying rate or drier perfor¬ 
mance as follows: (1) the surface moisture percentage of the wet coal, (2) the surface 
moisture percentage of the dried coal, (3) the weight of the inlet gases, (4) the tempera¬ 
ture of the inlet gases, (5) the temperature of the exhaust gases, and (6) the average 
particle size of the coal being dried. Surface moisture was considered to be critical, 
rather than total moisture, because the majority of the drying plants considered it 

1 Lyons, Orvilb R,, and A. C. Richardson, The Thermal Drying of Fine Coal, Coal Technol., 
AIMS Tech, Pub, 2399, vol 3, No. 3, 1948. 
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unnecessary to dry the coal to a moisture content lower than the seam or surface 
moisture content of the coal as mined. 

Relative Effectiveness of Various Drier Types. Lyons and Richardson further 
found that an attempt to evaluate the several types of driers relatively was affected 
by so many variables, including all the above, that it was largely resolved into a 
question of local requirements and conditions, without much chance of a universal 
formula which would serve in broad application. 

They concluded: ^^All of the types of driers included in the survey (rotary, screen, 
continuous pallet, flash, tray, and cascade) evidently can be operated with the same 
degree of effectiveness if each type of drier is used to dry the sizes of coal for which it 
is best suited, and the difficulty of the drying problem is given proper consideration.’’ 
They listed the size applications as: 

1. Screen-type driers arc being used to dry the coarser sizes of coal treated. Inclu¬ 
sion of very fine coal in the feed results in the blinding of the screen and unsatisfactory 
operation. Three- to seven-tenths inches is considered a desirable particle size for 
screen-type driers. 

2. Rotary-, tray-, cascade-, and continuous-pallet-type driers arc being used to dry 
the intermediate sizes of coal. A good particle-size range for these driers is 0.125 to 
0.375 in. The choice between the driers in this group is largely one of initial cost of 
the equipment and the operating economics possible with the particular equipment. 

3. The flash drier is the only drier now being extensively used to dry very fine coal. 
Its best particle-size range lies below 0.075 in. 

It should be noted that it is usually undesirable and often impossible to dry different 
sizes of coal in one type of drier. 

Effect of Load Changes. Once a drier and furnace setup have been designed to 
comply with any given set of drier conditions, it is usually difficult to increase the load 
on the system while it is relatively easy to operate at a lighter load. This fact should 
be given careful consideration because it is quite common in coal-preparation practice 
for the load on existing equipment to be suddenly increased, sometimes by as much as 
100 per cent or more. Slight increases can be taken care of by increasing furnace 
temperature and thereby the inlet temperature, or by speeding up the fan to increase 
the gas flow. Large increases in load on the drier are bound to produce an unsatis¬ 
factory product. A lightened load is easily taken in stride because, as the load drops 
off, the exhaust temperature will tend to rise, and either automatic or manually oper¬ 
ated controls can be utilized to reduce the feed rate to the furnace and thus reduce 
the total heat input. 

Size of Drier to Use. From the above it is evident that the selection of a proper and 
adequate size of drier is of utmost importance. The size of drier required can be 
determined from Fig. 16-4, for screen and rotary driers oidy. In the (;ase of rotary 
driers, the area is in square feet of total cylinder surface active and must be converted 
to diameter and length by selecting a desired diameter between 7.5 and 12 ft and 
calculating the length. These figures represent average values and are subject to 
considerable variance. However, they do provide a rough guide to the sizing of 
rotary and screen driers. 

Thermal Efficiency of Driers. In the past, the reference value used for comparing 
driers has been thermal efficiency. Lyons and Richardson, however, do not consider 
this to be a significant or useful value. They point out that thermal efficiency does 
not take into account numerous other important variables and that determination of 
efficiency is extremely difficult in field tests of many driers. They report that cal¬ 
culated thermal efficiencies are in error by as much as 25 per cent. Further complicat¬ 
ing the problem, the amount of water removed by evaporation could only be approxi- 
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mated for the majority of screen-type driers, because considerable water was also 
removed by drainage. 

The inherent design and method of operation of screen- and continuous-pallet-type 
driers is such that any advantage gained by removal of water by drainage is lost by 
increased radiation and unaccounted-for losses. 

Cost of Drying. The factors cited by I.yons and Richardson as affecting the cost 
of drying were: (1) power requirements per unit of water removed, (2) heat input per 
unit of water removed, (3) man-hours of labor required per unit of water removed, 
(4) total amount of water removed or the capacity of the drier installation, and (5) 
maintenance requirements. 

Kaiser, 1 in a discussion of the I^yons-Richardson paper, points out that their cost 
data are somewhat incomplete; nevertheless the following are given as being guides to 
cost trends and positions. 



Cylinder area for rotory-type dryer, sq ft 
0 100 200 300 400 500 600 

Area of screen-type dryers, sq ft 

Fuj. 16-4. Design data for rotary- and screen-type driers. {Lyons and Richardson^ 
AIME, Tech. Pub. 2399, August, 1948.) 

In general, the operating cost of drying ranges from 8 to 18 cents per ton of dried 
coal produced, with the majority of the driers having costs of approximately 10 cents 
per ton. 

On a basis of per ton of water removed, operating costs range from $1.00 to $3.00, 
with the majority of the driers having costs of approximately $1.50 per ton of water 
removed. 

Capital charges, based on the cost of the drier furnace, the drier, the duct work, 
exhaust fan, and exhaust stack, for a plant having one-shift operation for a 200-day 
year, assuming complete depreciation in 10 years, range from 4 to 123^ cents per ton 
of dried coal or 60 to 188 cents per ton of water removed. 

Maintenance, a major item representing from one-third to one-half of the total 
operating cost of drying, could be reduced in many cases by (1) coating exhaust ducts, 
fan housings, and exhaust stacks to reduce corrosion; (2) the use of corrosion- and 
fly-ash-resistant fan impellers; (3) the use of stainless steel for exposed steel surfaces, 
such as screens; (4) adequate controls to prevent overheating of furnace and drier 
inlet ducts; and (5) a well-planned maintenance program. 

^ Kaibbk, E. R., Assistant Director Research, Bituminous Coal Research, Inc. 




Table 16-11. Plant Operation and Results for Various Driers^ 
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1 Lyons, Orville R., and A. C. Richardson, The Thermal Drying of Coal, Coal Technol., August, 1948. 
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Drier performance could be improved in many instances by (1) eliminating heat 
losses due to air infiltration, (2) operating the drier at a steady rate, (3) making 
periodic check tests to determine drier effectiveness, (4) checking control instruments 
at regular intervals, and (5) having an intelligent drier operator. 


Table 16-12. Heat Balance of Three Types of Driers^ 


Type. 

Screen 

Continuous 

pallet 

Rotary 

Heat used in evaporating moisture in coal. . . . 

33 1 

37 5 

49.0 

Sensible heat in coal processed. 

18.2 

30.6 

19.2 

Heat lost in exhaust gases. 

13 8 

13 4 

16 4 

Heat carried away by drainage water . 

1 5 

2.0 

0.0 

Radiation and unaccounted (by difference). i 

33 4 

16.5 

15.4 

Total . . 

100 0 

100 0 

100 0 

Calculated furnace efficiency. 

87 8 

80 0 

82.1 


1 Kaibeb, E. R., commenting on Lyons and Richardson paper, The Thermal Drying of Fine Coal, 
Coal Technol., AIMS, August, 1948. 

Example of Drier Calculations 

The following concrete example serves to illustrate the proper method of calculating 
drier performance and requirements: 

Assuming the feed of wet coal at the rate of 60 tons per hr with a free moisture 
content of 12 per cent, it being required to bring the free moisture content down to 2 
per cent. We further assume that the drier will remove mechanically 5 per cent of 
moisture, leaving 5 per cent to be removed by heat drying. 

Volume of Gases Required. A feed of GO tons per hr equals 1 ton or 2,000 lb per 
min. Moisture to be removed is thus 5 per cent of 2,000, or 100 lb per min (dry 
basis). 

Assuming evaporation at 120°F (temperature of gases at drier exhaust and 60°F 
as the outside temperature: 1 cu ft air per min carries, at 120®F and at full saturation, 
0.005 lb water; at 60°F and full saturation, 0.001 lb water. The difference, or 0.004, 
represents the moisture that can be removed by 1 cu ft of air on a basis of evaporation 
alone, assuming 100 per cent evaporation efficiency. 

Thus to remove 100 lb water, at an assumed evaporation efficiency of 75 per cent, 
would require (assuming sea level and 70°F) 

100 X 75^00 X 0.004, or 33,333 cfm 

Temperature Required for Hot Gases. If we call T this temperature, 

33,333 X 0.073 X 0.25 X {T - 120) 

equals the number of Btu available when 33,333 cfm of gases, density 0.073, specific 
heat 0.25, cool off from T to 120°F (temperature of evaporation). 

This amount of heat per minute must be sufficient to: 

1. Evaporate 100 lb water at 120°F (latent heat 1024) or 

100 X 1024 = 102,400 Btu 

2. Heat the total coal and water from 60 to 120°F, triz.: 

Coal: 2,000 X 0.25 X (120 ~ 60) + water: 100 X 1 X (120 - 60) = 36,000 Btu 
where 0.25 = the specific heat of coal. 

3. Take care of radiation losses. On the basis of a drier with 2,000 sq ft of insulated 
surface and 2,000 sq ft of exposed surface, we have 

2,000 >; 0.2(T - 60) + 2,000 X 2.5(!r - 60) = 90T - 5,400 Btu/min 
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where 0.2 and 2.5 are the heat-transfer coefficients of the insulated and uninsulated 
surfaces. 

The equation of heat balance thus becomes 

33,333 X 0.073 X 0.25 X (T - 120) = 102,400 + 36,000 + 90T - 6,400 


from which T is found to equal 400°F. 

Total Heat Required. As per the above, the heat required is the total of (1), (2), 
and (3), viz.: 

(102,000 Btu/min) + (36,000 Btu/min) + (90T - 5,400 Btu) 


which, with T as 400, equals 169,600 Btu per min, or roughly 10,000,000 Btu per hr. 

Furnace Required. Total heat required, 170,000 Btu per min. With coal at 
12,600 Btu per lb and 75 per cent combustion efficiency, 

170 non 

X 12,600 = 18 lb coal/min or 1,080 lb/hr 


At 42 lb per sq ft, the required grate area would be 26 sq ft. 

Combustion space at 50,000 Btu/cu ft/hr required equals 200 cu ft, thus requiring 
a 7.7-ft arch. (The latter assumes 300 per cent excess air, giving 15,000 cfm of hot 
gases to which 18,000 cfm of cooling air are added to give the required total of 33,000 
cfm at the drier.) 

Rate of Evaporation. The rate of evaporation of moisture is given by the formula 
w = C X X (e. -Ca) (16-1) 


where W = lb water evaporated/sq ft/hr 
V — velocity of hot gases, fpm 
eu> = vapor pressure, in. Hg at water temperature 
Ca = vapor pressure, in. Hg in atmosphere 
C = a constant characteristic 

The above formula illustrates the influence of th(‘ factors involved. A higher tem¬ 
perature of evaporation means a higher value for Cu, but a lower volume of gas('s and a 
lower value of V. 

Time Required for Evaporation. If Q is the heat energy conducted in time i, 
through a material of sectional area A, normal to the flow of heat and thickness D in 
the direction of the flow of heat, with a temperature difference T between its surfaces, 
then 


or 


Q = KX 


ATt 

1 ) 


t = 


Ql) 

KAT 


(16-2) 

(16-3) 


where K is a constant characteristic. 

In other words, the time necessary to the required heat exchanges is reduced by the 
use of higher temperatures (factor T), but this is partly compensated by the increased 
heat energy required (factor Q). 

However, the above formula clearly indicates the advantage of a large area (factor 
A) in reducing the time required for the heat exchangers. 


Cooling and Regeneration 

As the dry coal and the exhaust gases leave the drier at a temperature higher than 
when they were introduced, a certain amount of heat will be lost, pointing to the 
possibilities of increasing the efficiency of the drier by recuperating and regenerating 
the maximum possible amount of such heat. In addition to increasing the efficiency 
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of the drier, and, if the heat is so used, of effecting additional evaporation of the 
residual moisture, cooling reduces the danger of spontaneous combustion and decreases 
the sweating of the coal. Regeneration assists in the heating of the preparation plant, 
the thawing of frozen coal, and its mechanical dewatering (by reducing surface 
tensions). 

Practical steps employed for extracting heat from the dried coal include: 

1 . Blowing cold air over the coal as it emerges from the drier 

2. Spraying water into the drier exhaust and then using the heated water in a 
closed circuit to preheat the raw coal 

Vissac shows that the air cooling of 2,000 lb coal per min from 120 to 70°F will 
extract 25,000 Btu per min. This amount of heat may be used for extra drying to the 
extent of 12.5 lb water or of 1 per cent, with an expenditure of 12,500 cfm requiring 
5 kw per hr and saving 120 lb coal per hr. 

The formulas for these calculations are as follows: 

Heat Extracted from Air-cooled Coal. 


W X sh X {Tx — Tf) — Btu extracted 

wiiere W = weight of coal in unit time 

sh = specific heat of coal (approx 0.25) 

Tx = initial temperature of (ioal before cooling 
Tf = final temperature of coal after cooling 
Btu will be in the same terms of time, as was W (in this case in minutes). 
Extra Weight of Moisture Evaporated. 


(16-4) 


P = 


_ (Btu) — [F X Wg X Sa(Tf — T>)] 


(16-5) 


where p — extra weight of moisture evaporated per min 

Btu = heat available for evaporation, as in this case the heat extracted from the 
preceding formula 
V = volume of cold air, cfm 

Wa = weight of air, lb per cu ft at mean temperature 
So = specific heat of air (approx 0.25) 

Tf — final air temperature 
Tx = initial air temperature 
L = latent heat of vaporization of water 

In cases where both p and F are unknowns, the above equation may be solved by 
simultaneous solution with the following equation: 

M XV = p (16-6) 

where M = moisture, Ib/cu ft, picked up by the heated air, as can be obtained by 
subtracting the saturation moisture content at the incoming temperature 
from the saturation content of the air at the final temperature 

Example. Saturation at 80°F = 0.0013 Ib/cu ft 
Saturation at 32°F = 0.0003 Ib/cu ft 
Difference, or il/ = O.OOl Ib/cu ft 

Regeneration. In a similar example, Vissac also shows that the cooling of 35,000 
cfm of exhaust gases by water from 120 to 60°F, will recover 31,500 Btu per min. 
The formula for this calculation is as follows: 

Btu — V X Wa X Sa X (Ti — Tf) 
where the symbols are as used in Eqs. (16-4) and (16-5). 


(16-7) 
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Mechanics of Thermal Drying^ 

Generally speaking, when a product is desired thoroughly dry (0 per cent surface 
moisture) the selection of a thermal-drying unit must he made. The factors that 
must be taken into consideration before making the selection of a heat drier are as 
follows: size of coal to be dried, amount of space to be utilized, installation cost, and 
power requirements. 

Heat driers for coal usually use a mixture of furnace flue gas and air as the drying 
medium. Combustion gases containing CO 2 in excess of 12 per cent are inert. The 
temperature of combustion gases is too high for coal drying if they are taken directly 
from the furnace. Since coal may be heated to an extent where combustion would 



B - Drying gas velocity 

Fig. 16-5. Effect of various factors on drying rate. C* Coal Preparation,” AIME.) 

start, usually cold air is mixed with the flue gas to lower the temperature. The addition 
of air raises the oxygen content of the drying medium and increases the danger of the 
coal firing. In general, the coal dust will not explode if the oxygen content of the 
drying gases is kept below 16 per cent. 

Drying gases must perform two functions: (1) evaporate the water and (2) absorb 
and carry off the evaporated water. The force producing evaporation is the vapor 
pressure at the surface of the water. Vapor pressure is defined as the pressure exerted 
by a body of vapor, the vapor molecules acting like those of a permammt gas. 

Low-temperature drying usually is considered as being “212°F. Since the capac¬ 
ity of air to take up moisture increases rapidly with increasing temperature, it is 
usually desirable to use high-temperature drying. Most coal driers operate at tem¬ 
peratures considerably above the ignition temperatures of the coal. This is possible 
because of the large amount of heat absorbed by the evaporation of the water. 

The moisture content of a given coal varies directly, for the given sizes making up 

iRostoskt, a. J., and H. A. Bauman “Coal Preparation,” pp. 600-G27, AIME., New York, 1943. 
Drisss, L., Drying Coal Thermally and Mechanically, Mining Congr, J., vol. 32, No. 6. 
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the coal, with the coarse sizes containing the least and the fine sizes the most. Obvi¬ 
ously, the coarse low-moisture sizes will dry rapidly and begin to absorb heat prior 
to complete drying of the fine sizes present. Careful design and operation are neces¬ 
sary to ensure drying of the finer material without igniting or distilling off the volatile 
of the coarser sizes. The temperature at which the drier may be operated is dependent 
upon the free moistures cont(*nt and tlie size of the coal to be dried. 

The curves, according to Cill, shown in Figs. lG-5 and 16-6, illustrate the effect of 
various factors on the drying rate. The possibility of carrying dust and the fact that 
the pressure to be created by the fan varies as the square of the speed tend to modify 
the gains obtained from high velocity (curve B). The air that is circulated should be 
given a chance to absorb the moisture evaporated. The rapid increase in rate of 



C - Mean percent of saturation of air 
0 1 23456789 10 

D- Final moisture percent of dried material 

Fig. 16-6. Effect of various factors on drying rate. (“Coa^ Preparation,** AIME.) 

drying with increase in the temperature (curve of the drying medium is apparent. 
The temperature to which the gases are cooled is of equal importance, since with 
gases having high inlet temperatures the possibility of cooling below the dew point is 
very great. Curve C shows that, as the percentage of moisture in the drying gases 
increases, the rate of drying decreases. It is found that, during the drying of material 
to a very low percentage of moisture, the reduction of moisture at the beginning of the 
operation is very rapid. However, the reduction of moisture gradually becomes more 
difficult until, in drying off the last amounts of moisture, the rate of drying is com¬ 
paratively slow (shown by curve I), Figs. 16-5 and 16-6). 

The drying cycle is generally divided into two stages, as shown in Fig. 16-7. 

1. Constant-rate Period (Fig. 16-7). During this time water is brought to the 
surface of the wet coal as fast as it can be evaporated. The surface remains thor¬ 
oughly wet, and evaporation proceeds as from a free-watcr surface. A critical point 
is reached when the moisture coming to the surface is exceeded by the rate of evapora¬ 
tion from the surface. 
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2* Falling-rate Period. As the drying proceeds from the critical point, a period 
of uniformly falling rate is entered, which continues as long as surface moisture 
remains. Upon evaporation of the surface moisture, subsurface drying takes place. 
The diffusion of moisture becomes more difficult as the plane of water recedes. This 



Decrease in percentage moisture 

Fig. 16-7. Kate of drying. Coal Preparation,*^ AT ME.) 



entrance Coal flow discharge 

Fig. 16-8. Counterflow drying. C* Coal Preparation,** AIME.) 


period continues to an equilibrium point at which the vapor pressure of the moisture 
in the coal approaches the vapor pressure of the drying gases. 

Counterfiow Driers. Most heat driers are designed to feed the hottest gases to the 
hottest and driest coal. In order to do this, the hot gases are fed in at the discharge 
end of the drier and flow countercurrent through the material being dried. The 
exhaust outlet is placed at the entrance of the green coal to be dried (Fig. 16-8). In a 
drier of this type, the coal leaves the unit at its highest temperature; and, unless a 
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cooling zone is provided wherein the sensible heat of the coal is given up, to preheating 
cold air on its way to the heating apparatus, there is a considerable loss of heat. 
Also, with this system, there is the risk of heating the dried coal above the ignition 
temperature. 

Parallel-flow Driers. In parallel-flow driers, the drying gases at maximum tem¬ 
perature meet the green coal at its minimum temperature, and the gases and the coal 
flow together to the discharge point. With this system, a high inlet temperature can 
be used, since the gas is quickly tempered by coming in contact with the wet coal. 
The discharge temperature approaches the temperature of the dried coal, giving the 
coal a low exit temperature (Fig. 16-9). 



Fig. 16-9. Parallel-flow diying. Coal Preparation,^^ AIME.) 


Typical Driers Available 

Rotary Driers. Rotary driers consist of cylindrical dnims pitched longitudinally 
approximately % in. per ft. There may be a center flue through which the hot com¬ 
bustion gases travel to the discharge end of the drier, where they turn and travel in 
reverse direction in intimate contact with the coal. The cooled wet gases are dis¬ 
charged through a suction fan at the feed inlet. The coal is lifted by flights and 
allowed to fall as the rotation proceeds, coming in contact with the partly cooled dry¬ 
ing gases at about 600°F. The heated inner flue carries the drying gases as they cool 
from 1200 to 600°F. These units can handle coal as large as IJ^-in. top size; but, 
owing to degradation, 1 or in. should be the maximum. Driers of this type require 
large room space and are likely to ^^fire’^ if not carefully controlled. 

The Christie drier (Fig. 16-10) of the rotary-kiln type. The high-temperature 
furnace gases (1000 to 1200°F) pass around a short section of outer shell at the feed 
end, through nozzles to the central flue, and travel toward the discharge end. The 
gas enters the space between the outer shell and the flue. The hot gas then returns 
flowing in a direction counter to the material and is withdrawn with the moisture by 
an exhaust fan. 

The Roto Louvre drier (Figs. 16-11 and 16-12) is a drum-type drier that consists 
primarily of an outer shell. On the inside of the shell, louver plates project radially 
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and are parallel with the drum. The plates overlap to form a circular inner shell that 
gradually increases in diameter, upon which the material is carried as it progresses 
through the drier. This arrangement provides longitudinal compartments or chan¬ 
nels for the hot gases (900®F) underneath the bed of material. A full-length outlet 



Ftg. 16-10. Christie drier. Performance characteristics of two coal-dry installations. 
Installation A \ Drier shell ft diam by 65 ft long, capacity 60 tons/hr, ?§ in. to 0 washed 
coal, initial moisture 10 per cent, moisture dried material H per cent, estimated fuel con¬ 
sumption 22}/^ lb of 14,000 Btu coal/ton of dried material. Drier drive motor 75 hp, 
exhaust-fan motor 25 hp. Installation Bi Drier shell 8^^ ft diam by 70 ft long, capacity 
100 tons/hr, 1 in. to 0 washed coal, initial moisture 6 per cent, moisture dried material 
3 per cent, estimated fuel consumption 13)^ lb of 14,000 Btu coal/ton of dried material. 
Drier drive motor 75 hp, exhaust-fan motor 25 hp. {General American Transportation 
Corp.) 


allows the passage of hot gases into the materials by clearance between the overlapping 
plates or louvers, which are shaped to prevent the material from falling into the hot 
gas channel. Hot gases are introduced by a manifold into the channels that arc only 

beneath the bed of coal in the slowly revolving 
drum. 

Screen and Plate Driers. The reciprocating- 
screen heat driers are fundamentally quite simple. 
The principle is to pass high-temperature gases 
either up through or down through a moving bed 
of material on a reciprocating shaker screen. 
One advantage of the screen type of drier is that 
degradation does not present much of a problem. 

McNally-Vissac Drier. Two dewatering ac¬ 
tions are involved in the type of drier indiciated 
in Figs. 16-13 and 16-14. The rapid oblique 
motion of the deck tends to loosen the coal bed, 
while the suction pressure beneath tends to com¬ 
pact the bed. Controlled intermittent application of suction pressure, rather than 
continuous application, produces a cycle characterized by an interval during which the 
bed is compact, followed by an interval of relatively loose suspension. This suspended 
condition exists during the initial application of pressure, and hot gases flow freely down 
through the coal in intimate contact with all surfaces. A very rapid heat exchange 



Fm. 16-11. Cross-sectional view 
of Hoto Louvre drier illustrating 
flow of gases through bed of 
material. 




THERMAL DRYING 


555 


occurs, evaporating much of the external moisture of the coal. As the pressure 
interval continues, the bed becomes more compact, gas flow is reduced to a minimum, 
and free water literally is squeezed from the bed. Full advantage is taken of this 
squeezing action by carrying a relatively high suction pressure. This cycle is repeated 
many times as the coal progresses over the deck. 



Hot / ' 7 ; 

Dried coal ' Feed bin Hot gas fan Furnace 

wet coat 

Fig. 16-12. Roto Louvre drier equipment in drying building. 
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Fig. 16-13. McNally-Vissac drier. {McNally PiUshurg Mfg. Carp.) 


Compacted Loosened Loosened Compacted 



Fig. 16-14. McNally-Vissac drier pulsator action. Controlled, intermittent application 
of suction pressure results in a cycle characterized by an interval during which the coal 
bed on each screen is compacted, then loosened for the highest degree of heat transfer com¬ 
bined with thermal drying. 


The Link-Belt SS drier comprises a drying chamber in which the drying surface 
is a perforated reciprocating plate. There is a hot-air inlet for gases from a coal-fired 
furnace and exhaust fan for drawing the hot air over the thin bed of coal, down 
through the perforations in the reciprocating plate to the exhaust stack. The opera- 
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tion of the moving element is analogous to that of the familiar shaker screen except 
that the perforations in the SS drier are very small and are intended only for the pass¬ 
ing of the drying air. As the coal passes through the drier in a thin bed at slow speed, 
it is thoroughly dried and discharged relatively cool. Driers of this type will handle 
a large capacity of coarse-sized coal. 

The Dwight-Lloyd Oliver drier (Fig. 16-15) operates on the principle of a straight- 
line perforated traveling carrier upon which rests a bed of coal through which pass 
the drying gases. The special traveling screens, called pallets, are designed to offer 
low resistance to the passage of the gases. The bed is passed through a hot-air hood 
with a carrier moving at a speed of 40 to 50 fpm. An exhaust fan brings heated air 
into the hood from the furnace and draws it through the material on the carrier at the 
rate of 200 to 400 cu ft per sq ft of bed area per min. The heated air enters the hood 
at a temperature of 400 to 700°F, being automatically regulated to a predetermined 



Fig. 16-15. Dwight-Lloyd Oliver drier. The wet coal is fed to the pallet carrier at the 
right, passes through the drying hood and drops into the dry discharge hopper at the left. 
The path of the drying gases is clearly shown by the arrows. {Oliver United Filters, New 
York.) 

temperature as the conditions require. The hot air passes through the bed so rapidly 
that it does not overheat or burn the material being treated. After leaving the bed, 
the hot air leaves the outlet in a supersaturated condition at a temperature of 110 to 
120°F. The fast-moving air current does more than dry by absorption; it also draws 
the water from the particles into the wind box below. So rapidly does the mechanical 
dewatering take place that streams of water run steadily from the condensate drains in 
the wind box. 

DRYING LOW-RANK COALS 

The time required to heat particles of coal is proportional to the square of their 
diameter, and Parry and associates* have calculated that the probable time in minutes 
is equal to GD*. In other words, a He-in. coal particle would be heated to drying 
temperature in 1.5 to 2.0 sec. Likewise )^-in. particles should be heated in about 
6 sec. Figure 16-16 shows a plot of the relationship between drying time and partiide 
diameter, assuming an atmosphere of saturated steam or a fluidized bed. 

Parry states that the net heat reipiired to dry subbituminous coal and lignite varies 
from 240 to 430 Btu per lb, depending on the moisture removed, and that this heat can 
be obtained from 42 to 61 cu ft of hot gases at 600°F. The necessary heat also can be 
obtained from 7.5 to 11.0 cu ft of gas at 2000°F. 

In pilot-plant drying,* over 90 per cent of the bed moisture of low-rank coal dusts 
was removed in a few seconds to increase the heating value of lignite by 45 per cent 
and of subbituminous coal by 25 per cent. One plant dried Ke X 0 coal dust in 
suspension in 1.5 to 2.0 sec with 600°F gas at a rate of 1,300 Ib/hr/sq ft of column area 
and an efficiency of 85 per cent. A second pilot plant dried X 0 dusts with gases 
at 2000°F at a rate of 1,500 Ib/hr/sq ft of grate area at an efficiency of 85 to 90 per 

1 Pabbt, V. F., J. B. Goodman, and E. O. Wagner, Drying Low Rank Coals in the Entrained and 
Iluidized State, Mining Trans. AIMS, April, 1949, pp. 89-98. 
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cent. The bulk density of the dried coal was found to be equal to that of the raw coal, 
making the drying process one of net heat gain. 

Nomenclature and Definitions Relating to Drying Low-rank Coals. ^ Because of 
the considerable change in weight when low-rank coals are dried, ordinary methods of 
expressing the moisture removed may be confusing. For example, if a lignite con¬ 
taining 35 per cent moisture is dried to a product containing 5 per cent moisture, it is 
commonly considered, by making a simple subtraction, that the coal has lost 30 per 



1 2 3 4 5 10 20 30 50 100 200 400 

Time in seconds 

Fia. 16-10. Time required to heat particles of coal. {Parry.) 


cent in weight. This is not true, and the estimating is in error by 5 per cent The 
true weight loss is 31 6 per cent.^ As these differences become significant when dry¬ 
ing the low-rank coals, it is necessary to adopt a precise nomenclature for expressing 
results of drying. Parry and associates suggest the following for this purpose. 

The improvement ratio Ry, is the ratio of the weight of coal before drying to the 
weight after drying. If no dust or fixed gas is lost, this also expresses the ratio of 
heating value, volatile matter, fixed carbon, and ash after and before drying. If 
moisture determinations arc correc.t, the dust lost in the system can also be calculated 
by comparing with the weight ratio. 

M 1 = percentage of moisture in coal before drying 
il /2 = percentage of moisture in coal after drying 
W 1 ~ weight of coal before drying 
— weight of coal after drying 

1 Parry, V. F., and associates, loc. cit. Although the following was drafted by Parry and associates 
in conjunction with their experimental work on drying low-rank subbituminous coals and lignite, it 
would also apply to other ranks of coal as well. 

100 - Ml 

2 Loss in weight « 100 — 2 

where M\ = original moisture, per cent 
Jlf 2 = final moisture, per cent 
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Ev, « improvement ratio =* ^ 

n • , 100-Ms 

Em ** improvement ratio = j(X) — M l 


Rv — improvement ratio 


volatile content after drying 


volatile content before drying 

_ . .X* fixed carbon after drying 

Rc — improvement ratio = ^ — i - r - r— ?- 3 —^ 

^ fixed carbon before drying 

_ . .X* ash content after drying 

Ra “ irnprovcjment ratio = —r- 1 — n—i - 3 — 

ash content before drying 

^ . XX- heating value after drying 

Rh — improvement ratio = ,— 7^—-——,—7 - 5 — 

heating value before drying 


R. 


R m — Rv — Rc — Ra 


Rhf when no dust or gas is lost 

100 

U = ultimate improvement ratio = ^ = maximum improvement by 

luu — 1 

extracting all moisture without liberation of fixed gases 
V(R - 1)100 


- (' - rar) ■“> 


D = per cent of drying- R{lJ - 1 ) 

= the percentage of total water in the raw coal removed during the drying 
process 

Ma = 100 •- 72(100 - Ml) 


X = lb moisture removcd/lb original coal ~ ^ 

Loss in weight of coal = 100 — 


100 - Ml 


100 - Afa 

L — dust loss, percentage of dried coal = ^1 — 100 


Economic Significance of Drying Low-rank Coal at the Mine.^ The utilization 
value of low-grade coals improves greatly if they are dried. This can be illustrated 
by an example on a Wyoming subbituminous coal, which may be assumed to have the 
before- and after-drying analyses and utilization properties of Table 16-13. 

This table indicates that raw coal can be burned at an efficiency approaching 79.8 
per cent but that the dried-coal burning efficiency may reach 84.1 per cent. From a 
utilization point, 1.5 tons of raw coal will be required to generate the same useful heat 
as can be obtained from 1.0 ton of dried coal. The economic significance of the above 
facts, considering the low cost of drying coal, is illustrated by the example in Table 
16-14, which assumes that both coals are shipped on a freight rate of $3.50 i)er ton. 

The potential savings in cost of delivered heat will increase considerably as the 
freight rate increases. The relationship of freight rate to cost of delivered heat is as 
shown in Fig. 16-17. It is shown that savings of about 24 per cent arc possible when 
the freight rate is $5.00 per ton. The data developed in this figure arc based on the 
assumption that freight rates remain constant on a tonnage basis and that the distri¬ 
bution of dried coal will not be penalized by increased rates based on heating value. 

It is shown in Fig. 10-17 that the cost of drying^ will about balance the freight when 
the freight rate is 60 cents per ton. However, because of advantages to be gained 
from the utilization of dried fuels, it may pay to dry such coal at destination, especially 
for cement mills which require dry coal, and possibly for power plants where increased 
efficiency and higher capacity can be obtained by operating on dried coal. A steam 

1 Parby, V. F., and E. O. Wagner, “Up-pradinK Missouri Basin Coals by Flash Drying,” U.S. 
Bureau of Mines (for presentation at Colorado School of Mines, October, 1949). 

2 Drying costs used refer to flash drying, as described by Parry and Wagner in the section on Coal 
Drying. 
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plant operating on raw lignite is limited in capacity because of the relatively slow 

rate of heat release due to moisture in the 


Table 16-13. Comparison of Raw and 
Dried Coal from Economic Angles^ 

(Wyoming subbituininous coal) 



llaw 

coal 

Dried 

coal 

Proximate analysis: 



Moisture, per cent 

31 0 

2 0 

Volatile matter, per cent. . 

30 6 

43 5 

Fixed carbon, per cent. 

31 8 

45 2 

Ash, per cent 

6 6 

9 3 

Ultimate analysis: 



Hydrogen, per cent. . 

6 8 

5 0 

Carbon, per cent 

46 4 

65 8 

Oxygen, per cent 

39 1 

18 3 

Nitrogen, per cent 

0 6 

0 9 

Sulphur, per cent . 

0 5 

0 7 

Ash, per cent 

6 6 

9 3 

Btu/lb, gross 

8 060 

11,460 

Btu/lb, net 

7,440 

11,000 

Available heat, Btu/lb, when 



burned with 30 per cent ex¬ 



cess air and .'i00°F exit temp 

6,430 

9,635 

Theoretical flame temp, deg F 

2,880 

3,110 

Utilization factor 

0 798 

0 841 

Utilization ratio 

1 50 

1 00 


1 Parky, V. F., and E. O. Waoner,“ Up-grad- 
ing Missouri Basin Coals by Flash Drying,” U.S. 
Bureau of Mines, 1949. 


coal. The capacity of such plants can be 
increased 15 to 20 per cent by operation 
on dried pulverized coal. 

The cost of shipping dried coal dusts 


Table 16-14. Example of Economic 
Significance of Drying Coal^ 



Raw 

coal 

Dried 

coal 

Available heat, Btu/lb 

6,430 

9,635 

Tons shipped. . . ... 

1.5 

1.0 

Available heat shipped, million 



Btu . 

19 27 

19.27 

Tons of coal dried . 


1 42 

Cost of raw coal at mine 

$i 88 

$1.78 

Cost of drying 


0 42 

Freight at $3.50 per ton 

5 26 

3.50 

Total cost of 19.27 million Btu 

7 14 

5.70 

Delivered cost, cents/million 



Btu 

37.0 

29.5 

Savings over raw coal, cents/ 



million Btu 


7.6 

Saving over raw coal, per cent 


20.3 


1 Parry, V. F., and E. O. Wagner, "Up-grad¬ 
ing Missouri Basin Coals by Flash Drying,” 
U.S. Bureau of Mines, 1949. 


may be somewhat higher than the cost for raw coal shipped in standard equipment 
because the dried dust may require special handling to prevent combustion and wind 
losses. This factor has not been included in the savings shown and discussed. 



Fig. 16-17. Cost of delivered heat from subbituminous coal. (Parry and Wagner^ 
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General Factors of Plant Design. The preliminary planning of a coal-drying plant 
is the most essential part in the general planning of the whole coal-preparation plant; 
in some cases it may be the dominating factor in the selection of the cleaning methods 
and apparatus. 

The first step is to determine all factors required for the proper design of the com¬ 
plete drying plant; from the “drying characteristics” of the sizes of coal to be dried 
within definite moisture contents must be deduced the “time element” of each phase 
of drying, from which, by proper reference, can be determined the number, sizes, and 
capacities of the driers required. 

Generally speaking, most driers can be mechanically adapted to the drying of fine 
coals; but their efficiency will depend upon their ability to ensure the best possible 
contact between the coal and the hot gases. 

Predrying of bulk raw coal to condition it for a dry-cleaning plant, or for preliminary 
dedusting, will require special types of driers to minimize degradation 

Drying of wet treated bulk coal will require a selective type of drier; as an illustra¬ 
tion, in the same feed the large sizes may have a drying factor of 5, the small sizes a 
factor of 20. Unless the drier is adapted to retain the small sizes four times longer 
than the large sizes, the drying will not be uniform and may prove entirely inadequate. 
In this case also the mechanical features of the drier must avoid degradation. 

In all cases where substantial outputs are required, driers with the largest unit 
capacity will be the cheapest to install and operate. The cost of the drier itself may 
be only from 10 to 20 per cent of the total cost of the drying plant; thus, the more 
driers, the more conveyors, elevators, fans, etc. 

Flash Drying of Fine CoaP 

For several years, the U.S. Bureau of Mines has studied the technical and economic 
phases of the drying of low-rank coals. Now, as a result of the operation of a flash- 
drying pilot plant, they state that it has demonstrated the probable success of a low- 
cost process for removing moisture from fine coal. 

The new flash-drying process, developed by the Bureau of Mines, treats fine coal of 

by 0 in. size and removes up to 95 per cent of the moisture. The cost of such dry¬ 
ing plants is estimated to be $100 to $150 per ton of daily capacity, and it is estimated 
that total cost of drying will be about $1.00 per ton of water removed. In large plants 
it is indicated that the cost of drying will not exceed $0.75 per ton of water removed. 

Description of Operation. Fine (;oal up to by 0 in. size is drawn into the feeding 
system pneumatically. This system holds 6,000 lb and is pressurized. A screw 
feeder moves the coal into a 1,'^ in. transfer pipe, wlmre it is picked up by a jet of 
inert gas under pressure and is transferred to the drying unit. The drying unit is 
heated by combustion of a mixture of gas, air, and products of combustion adjusted in 
proportion to yield the desired temperature. Most of the experimental work has 
been done with a theoretical flame temperature of about 2300°F. The hot products 
of combustion pass through a grid into the drying column and mix with the incoming 
coal. A light-phase fluidized bed is established in the drying column, where the heat 
exchange between hot gas and wet coal is extremely rapid. The fine coal moves 
upward with the gas and is carried vertically to the primary separator. Moisture 
vapor and spent hot gases move out of the primary separator into a cyclone separator, 
and the gases go to waste. Part of the products of (combustion are brought back into 
the system for tempering the primary combustion mixture. The combustion system 
operates on about 3 per cent excess air, which permits little oxygen in the drying 
column. 

1 Parby, V. F., and E. O. Wagner, "Up-grading Missouri Basin Coals by Flash Drying,"U.S.Burcau 
of Mines (for presentation at the Colorado School of Mines, October, 1949). Quoted by perinissiun. 
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Operating Results. Five tests have been made while treating coals ranging in 
moisture from 24 to 60 per cent. The detailed results of these are not yet available, 
but Table 16-15 gives a summary of operating results and data for a typical Colorado 
subbituminous coal. 

Coal was charged at a rate of 1,682 lb per hr, equivalent to 2,143 Ib/hr/sq ft. 
Moisture was reduced from 27.4 to 4.3 per cent. Eighty-eight per cent of the total 
moisture in the coal was removed; an even greater percentage could be removed by 


Table 16-15. Operating Results from Flash-type-drying Pilot Plants 

(Aa operated on Colorado subbituminoua coal) 


Coal-charRing rate, Ib/lir . . 1,682 

Goal-charging rate, Ib/hr/sq ft 2,143 

Inert gas used for moving coal, cu ft/lb 1 4 

Moisture in raw coal, per cent as charged 27 4 

Moisture in dried coal, per cent .... 43 

Dry coal recovered, total Ib/hr . . 1,273 

Improvement ratio by weight loss ... 1 321 

Improvement ratio by moisture determination 1 318 

Ultimate improvement ratio 1 377 

Degree of drying, per cent 88.1 

Dust loss, per cent . 0 24 

Heating-system data 

Natural gas used, cfh . 760 

Net heat supplied, thousand Btu/hr 669 

Air used with gas, cfh 7,584 

Net heat supplicd/lb of raw' coal 398 

Hot gas used to dry coal, cu ft/lb 9 1 

Products of combustion recirculated, cfh 4,686 

Analysis of gases leiavmg column: 

Water, per cent 419 

Carbon dioxide, per cent . 6 4 

Oxygen, per cent 0 8 

Nitrogen, per cent . 50 9 

Mass velocity in column, Ib/hr/sq ft 2.010 

Mean space velocity m column, fps 14 6 

Contact time of coal, sec (max) . 23 0 

Pressure drop through drving column, in. ITiO 2 6 

Pressure in combustion chamber, in. 1120 17 5 

Pressure at base of drying column, in H 2 O 116 

Pressure at top of drying column, in II 2 O 9 0 

Pressure at outlet of primary separator, in. 1120 5 5 

Temperatures in system, deg F 

Combustion chamber , . 1080 

Bottom of column 450 

Top of column . 285 

Coal from separator. 265 

Gas outlet from separator 240 

Gas outlet from secondary separator 235 

Heat balance 




Net heat used, Btu/lb raw' coal (excluding radiation) 363 

Net heat required to drv coal, Btu/lb raw coal (includes coal carrier) 327 

Drying efficiencv excluding radiation, per cent . . 90 1 

Over-all efficiencv, per cent (includes radiation) . 82 2 


1 Pakky, V. F, and E. O. Wagneii, "Up-grading Missouri Basin Coals by Flash Drying," U.S. 
Bureau of Mines, October. 1949. 


adjusting the heat input or the coal-charging rate. If necessary, all the moisture can 
be removed by slowing up the process. 

The temperature developed in the combustion chamber was indicated to be 2080°F, 
but the true flame temperature calculated from the combustible mixture was about 
2300°F. The net heat required to dry the coal was calculated to be 327 Btu per lb, 
including the heat necessary to raise the carrier gases to 285°F, the temperature at 
the top of the drying column. The net heat supplied in the natural gas was 398 Btu 
per lb coal, giving an over-all efflciency of 82.2 per cent and efficiency excluding radia¬ 
tion 90.1 per cent. 
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The velocity of the gases and vapors near the top of the drying column was calcu¬ 
lated to be 14,6 fps. This produces a light-phase semitiuidized bed which is esti¬ 
mated to have a density of approximately 2.3 lb per cu ft, calculated from the 
differential pressure through the bed. The time of residence of the larger particles 
of coal is calculated from the foregoing data to be approximately 23 sec. The time 
of residence of the very fine particles carried with little slippage by the hot gases is 
approximately sec at the operating space velocity. 

The operating results in this test show that the critical space velocity was ap¬ 
proached and the minimum time for drying the ^{e by 0 in. particles was about 



Fig. 16-18. Schematic design of drying unit for subbiturninous coal. Capacity, 20 tons 
of dried coal per hour. {Parry and Wagner.) 

reached. If the drier had been adjusted to operate at a higher velocity in this 
instance, less water would have been removed from the (;oal. 

Interpretation of Results. For a given size of coal there is a critical space velocity, 
which, if exceeded, will reduce the per cent of drying of low-rank coals. The space 
velocity can be increased as the coal size is decreased so the coal-drying capacity can 
thus be increased. The capacity is also related almost directly to the temperature of 
the initial hot gases. When operating at space velocities less than critical, the capacity 
is directly proportional to the space velocity and inversely proportional to the moisture 
in the coal. A correlation of experimental data with the theoretical analysis indicated 
the following empirical formula will express the capacity of a drying column exclud¬ 
ing radiation: 
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Capacity Equation fot Flash Drying. . 

Capacity, Ib/hr/sq ft = 

where SV = space rate or velocity of gases in column at 300®F and 30 in. Hg (jSF in 
fps, column considered empty, and gases include moisture evaporated 
from the coal) 

T = temperature of the hot gases, deg F 
M = percentage of moisture in the raw coal 



Fig. 16-19. Flash drier for fine coal. 

Design of a Commercial Plant. Figure 16-18 shows a schematic design for a com¬ 
mercial drying plant, based on pilot-plant operation but designed for coal firing, 
instead of natural gas. 

The probable operation of the unit, when drying a Wyoming subbituminous coal, 
is as marked. This unit will process coal of 31 per cent moisture content at a rate of 
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about 30 tons per hr and will deliver approximately 20 tons of dried coal per hr to a 
pulverizer or to storage. Some work will be required to develop a suitable hot-gaa 
generator, but Parry feels that it should work about as outlined in the drying section. 

It is estimated that a plant of this size would cost approximately $90,000, which is 
equivalent to $125 per ton of daily capacity. The total cost of drying in this unit is 
estimated to be 30 cents per ton of raw coal (31 per cent moisture), but in larger plants 
the cost will be in the range of 15 to 20 cents per ton when lignite costs $1.25 at the 
mine. 

The Raymond flash drier is used primarily for drying the fine sizes of coal. 
The hot gas (1000 to 1400°F) is drawn into the system by a fan connecting 
to the cyclone collector vent. The coal to be dried is continuously introduced into 
the hot gas stream by a mixer. The dry-coal- and moisture-laden gas is drawn into 
the cyclone collector. The dry coal drops to the bottom of the collector, and the 
moisture-laden gases are discharged by the fan to the atmosphere. 
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THE CRUSHING OF COAL 

COAL CRUSHERS^ 

Steam-plant coal-handling systems require some form of crusher for the reduc¬ 
tion of lumps for pulverizers and stokers. The reduction is effected in a variety of 
methods: crushing between rolls or a roll and plate, swinging hammers, or gravity 
impact in a rotating drum. 

Advantages and Disadvantages of Crushers 

Advantages of crushers include: 

1. Sized or crushed coal for stoker firing promotes ihore complete combustion and 
hence higher efficiency. 

2. Crushed coal is more easily handled in chutes and spouts and in some tyj>es of 
coal-handling equipment. 

3. Some types of coal crushers eliminate foreign matter such as tramp iron. 

4. Plants purchasing sized coal in some cases can economically use a crusher as a 
stand-by. When run-of-mine coal drop® below a certain predetermined price, it is 
purchased instead of sized coal. When the run-of-mine price rises, the crusher is by¬ 
passed and the sized coal is used. This stand-by crusher acts as insurance in case the 
source of sized coal breaks down and only run-of-mine is available. 

Disadvantages of crushers include: 

1. Some types produce degradation and fines 

2. Some types, because of safety features, momentarily pass larger lumps than 
desired. 

Specifying Crushers 

Specified Capacities. Certain factors must be taken into consideration. Incom¬ 
ing coal may range from dust or undersized up to large lumps. Often it is possible to 
screen out and by-pass the undersized, sending through the crusher only the material 
that needs crushing. Manufa(;turcrs’ tables give the largest lump each size of crusher 
digests, which may lead to a n(‘cdlessly large crusher if the largest lump is the excep¬ 
tional one. Often it is possible without undue hardship to break the exceptional 
lump on a grizzly ahead of the crusher. 

Purchaser’s Specifications. ,Thc purchaser must specify what coal he intends to 
use. Exhaustive tests have determined the Ilardgrovc grindability index for a great 
many coals. The manufacturer of the crusher can select the proper unit from the 
customer’s coal specifications, (^oals vary in hardness (see Table 17-5). He must 
also specify whether the crushed-coal lump size is ring size (size of ring through the 
lump size will pass) or square size (see Table 17-5). 

Occasionally the purchaser’s specifications call for a product with no lumps greater 
than a certain size. This is not objectionable to the breaker or the hammer millj 
because all the coal passes through a screen or a grid. However, it is difficult for a 4 
roll crusher to meet this requirement because an occasional large lump passes, either] 
when there are momentary gaps between the teeth or when the release acts to pass a 
hard piece. Manufacturers therefore require in their specifications that 85 to 90 per 
cent will not be larger than the specified size. 

Feeders. Crushers cannot control the rate at which the coal is fed to them; there¬ 
fore, unless a conveyor fixes the rate, a feeder is necessary. The reciprocating feeder 

i Hudson, Wilbur G., What Power Erfgineers Should Know about Crushers and Crushing, 
Power, vol. 89, No. 10. pp, 84-86, 1945. 
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has the disadvantage of having pulsating flow ,* two feeders working alternately provide 
a more even flow. An apron feeder provides a more continuous flow and also seems to 
distribute the lumps along the moving mass on the apron. For description and 
capacities, sec Coal Handling in Chap. 18. Whatever the type of feeder, it must stop 
promptly if the crusher stops. 

Installation Layouts. The roll crusher and the hammer mill are subjected to 
severe working conditions. When making the layout for their installation, consider 
carefully how to make repairs without extensive dismantling. Provide ample clear¬ 
ance and headroom to maintain the equipment. 

Steam-plant requirements may call for the elimination of all metallic fragments 
from the coal. A roll crusher may be provided with a magnetic pulley on the feeder 
belt at its discharge end, but this removes only the iron or steel. The Bradford 
breaker removes magnetic or nonmagnetic fragments unless they are small enough to 
pass through the screen openings, and it also removes large pieces of wood, straw, 
rags, etc. A hammer mill also traps out metal fragments, whether magnetic or 
nonmagnetic. 


Table 17-1. Comparison of Crusher Types 



Roll crusher 

Hammer 

Bradford breaker 

Low-limit product size, 
m 


Vh-H 

H 

Max feed size, in.'* . .. 

Single row, 24; double 

24 

Max run-of-mine lumps 

Degradation... 

row, 20 

Less than hammer mill 

Highest 

Very low 

Product oversize, per 
cent . 

15- 20 

5-10 

None 

Elimination of foreign 

Requires auxiliary mag- 

Integral tramp-iron 

Automatic removal of all 

material 

netio equipment for 

pocket 

foreign material larger 

Wet-coal handling 

iron only; other refuse 
passes tlirough 

No difficulty 

Occasional seasonal dif¬ 

than perforations 

No difficulty 

Capacity reduction 

Min 

ficulties only with 
smallest size 

Medium 

Max 

when handling hard 
coals 

Coal types. 

All types 

All types 

Bituminous 

Usual application. 

Industrial plants, coal 

Industrial plants, cen¬ 

Large industrial plants, 


breakers 

tral stations 

central stations 

Initial installation cost 

Lowest 

Slightly higher than roll 

Highest 

Maintenance cost . ... 

Low 

Low 

Least 

Bin and chute flowa- 

Excellent 

Fair because of smaller 

Excellent 

bility of product 


product size 



® For largest units. 


Roll Crushers 

The roll crusher is fabricated in two general types, the single roll and the double 
roll. The single-roll action is secured by a toothed roll crushing the coal against a 
breaker plate (Fig. 17-1). As a protection to the crusher, the adjustable breaker- 
plate rods are provided with relief springs. When an unbreakable lump or a piece 
of tramp iron enters the breaker and engages the roll, the spring allows the breaker 
plate to swing open and pass the unbreakable material, after which the breaker plate 
swings ba(;k. The crusher roll and the breaker plate are provided with renewable 
wearing surfaces. The size of coal can be changed during operation by shifting the 
position of the breaker plate. 

Table 17-2 shows the capacity range in tons per hour for single-roll coal crushers. 
The upper rows of capacity figures apply when |po-thirds of the coal to be crushed is 
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larger than S-in. ring size. The lower rows apply when two-thirds of the coal is 
already under 3-in. ring size. All capacities are based on run-of-mine coal, from 
which none of the smaller sizes have been removed. ^‘Size of product,in the table, 
means average results, 80 to 90 per cent to pass through size of screen or ring listed. 

For coal from which the smaller sizes have already been screened out, the capacity 

Feed hopper^ ^ 



Fig. 17-1. Single-roll coal crusher. The slugging teeth give a two-stage operation. They 
reach up over the smaller teeth and help to break up the larger lumps so that the material 
can get down to the smaller teeth. 

of crusher should be determined by adding together the tons of coal removed and the 
tons remaining to be crushed. Listed crusher capacities are based on the total ton¬ 
nage as ordinarily handled, large and small together. 

The double-roll action is secured by crushing the (;oal between two toothed rolls 
(Fig. 17-2). To prevent smashing the roll when unbreakable foreign material passes 
into the rolls, one of the rolls is provided with a spring return. The foreign material 



springs out the roll, passing the obstruction, at which the roll quickly moves back into 
its operating position. Modern designs of the two-roll crusher permit size adjust¬ 
ment during operation. 

Table 17-5 indicates the normal range, in tons per hour, for which two-roll crushers 
are suitable, when the rolls are driv|p at standard speed, in handling the grade of 
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Table 17-2. Single-roll Crusher-capacity Ranged 

(In tons/hour) 











Min size of motor, hp 

10 

10 

15 

15 

'20^ 

26 

25 

30, 

—.11 

Std 

Max 

Std 

Max 

Std 

Max 

Std 

Max 

Std 

Max 

Std 

Max 

Std 

Max 

Std 

Max 

Rpm of roll 

60 

100 

60 

100 

60 

100 

50 

76 

50 

75 

50 

75 

50 

75 

50 

75 


Size of orusher. in 24 X24 24 X30 24 X36 30 X24 30 X30 30 X36 30 X 42 30 X64 


Size of product, in." 


Grade of coal and max size of lumps 


or ring 


m 


Wi 

1 

IH 

m 

2 

m 

3 

2 

4 

2*K 

5 

3Vi 

6 

4 

8 

51/12 



1 Link-Belt Co. 


14' 16' 18l 14' 16' 18' 14' 16' 18' 16' 18' 20' 20' 22' 24' 20' 22' 24' 20' 22' 24' 20' 22' 24' 


10 20 26 
25 40 60 
16 26 30 
30 60 60 
20 30 40 
40 60 75 
25 35 50 
50 75 100 
30 50 60 
60 05 130 
35 55 60 
60 105 146 
40 60 70 
70 120 166 
46 65 75 
76 130 175 
50 70 95 
96 150 190 1 


30 16 30 40 25 35 45 30 

60 40 60 75 45 75 105 50 

35 20 35 45 30 45 55 35 

75 45 75 90 65 60 125 60 1 


) 35 55 70 
) 70 116 165 
) 40 65 80 
i 80 130 185 

> 50 75 90 

> 90 150 210 
) 60 90 120 
) 120 195 240 
) 70 110 155 

> 155 225 300 
) 80 130 180 

> 180 265 350 

> 85 145 200 
) 200 290 395 

> 90 155 210 
i 210 305 425 
) no 200 235 
) 235 350 516 


45 66 85 
85 135 190 
50 75 95 
95 155 215 
55 85 106 
105 175 246 
70 no 140 
140 230 280 
85 130 180 
180 270 360 
95 165 206 
206 310 410 
100 170 235 
235 335 465 
no 180 245 
245 355 600 
136 230 275 
275 405 600 


65 80 95 
95 170 240 
65 95 115 
115 200 280 
75 no 135 
135 225 315 
90 135 170 
170 290 360 
105 165 235 
235 345 480 
120 195 265 
265 395 530 
130 215 295 
205 430 595 
140 236 316 
315 460 640 
165 300 345 
345 525 775 


« The “size of product" listed corresponds to the size of round screen or ring opening through which 80 to 90 per cent would 
puss. Capacities may be increased or decreased as much as 50 per cent by changing the speed of roll, but speeds should 
not exceed the maximum specified in this table. Ilegardless of capacity, motors should never be smaller than those shown as 
minimums in the table. 


r never be smaller than those shown as 


Table 17-3. Horsepower per Ton of Coal Crushed per Hour^ 

(Single-roll crushers) 


Size of product, in., screen or ring® 


Tyjie of coal 

IH 

lu: 

1 

1*^8 

2 

3 

4 

5 

C 

8 

Hard 



H 



H 

H 


H 

Mediiun . ... 



H 

H 

H 

H 

H 

H 

H 

Soft 

H 

H 

H. 

H 

H 


Hz 

Hz 

Ha 


‘ Link-belt Co. 

“ For corresponding cube sizes, see Table 17-4. 


Table 17-4. Comparison of Square- and Round-mesh< Coal Screens 


Equivalent screen opening, in. 


Hound 

IH 

IH 

2 

3 4 

5 

6 

8 

Square . . 

.. IH 

IH 

IH 

2H 3 

4 

4H 

6 
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T«W« 17-6. Cbaracteristic Operating Data and Capacities for Vatioiia Sizes of 

Crushers' 

(ShowinK capacity, rpni, and motor sizes for three si'Q'des of hardness of coal) 


Rpm of roll. 

130 

130 

120 

120 

115 

115 

Motor hp. 

7H 

10 

15 

16 

16 

20 

Size of crusher, in. 

20 X 18 

20 X 24 

26 X 24 

j 

26 X 30 

28 X 24 

28 X 36 


Sise of product, 
in.® 


Grade of coal and max size of lumps 


Screen 
or ring 

Cube 

® Hard 

'0 

Oi 

8^ 

o Soft 

® Hard 

Med 

■♦a 

lO'^ 

oS 

w 

12^ 

<D 

S I 

14// 

*0 

CO 

16"^ 

T) 

A 

w 

12" 

-0 

a> 

S 

14" 

AO 

*0 

CO 

16" j 

Hard 

ns 

0) 

16" 

49 

*0 

CO 

18" 

'H 

03 

w 

14" 

'TS 

0) 

ibH 

16" 

w Soft 


1 

30 

40 

50 

40 

50 

60 

50 

65 

80 

65 

80 

100 

50 

65 

80 

80 

100 

120 

IH 

IH 

35 

45 

55 

50 

60 

70 

60 

75 

90 

75 

95 

Ilf.' 

60 

75 

90 

90 

no 

130 

2 

m 

40 

50 

60 

50 

65 

80 

70 

85 

100 

90 

105 

125 

70 

85 

100 

100 

125 

150 

3 

2 

50 

65 

80 

70 

90 

no 

85 

105 

125 

105 

135 

160 

90 

no 

130 

130 

165 

200 

4 

2H 

70 

85 

100 

90 

115 

140 

no 

140 

170 

140 

175 

215 

115 

145 

175 

175 

215 

260 

5 

3H 







140 

175 

210 

175 

220 

265 

145 

180 

215 

215 

270 

325 

6 

4 










... 



170 

210 

250 

250 

315 

380 

8 

5H 










1 



210 

265 

320 

320 

400 

480 


Rpm of roll .... 

115 

115 

115 

115 

no 

no 

no 

Motor hp . 

15 

20 

20 

25 

30 

40 

50 

Size of 

crusher. 
























30 V 24 

30 y 30 

30 V 30 

.30 V 48 

36 V .36 

.36 y 48 

.36 y 60 





1 



1 



1 



1 



1 



1 



Size of product, 
in « 

1 






Grade of coal and max 

size of lumps 







Screen 
or ring 

Cube 

-d 

u 

08 

W 

•tJ 

u 

*0 

CO 

"d 

u 

s 

Med 

*0 

QQ 

•d 

c8 

w 


49 

s 

ns 

W 


49 

*0 

CQ 

1 

w 

-d 

a> 

49 

*0 

CQ 

-d 

S 

t; 

a> 

cc 

! 

es 

tu 

-d 

0) 

*0 

CCl 


14" 

16" 

18" 

14" 

16" 

18" 

14" 

16" 

18" 

14" 

16" 

18" 

16" 

18" 

20" 

16" 

18" 

20" 

16" 

18" 

20" 

IH 

1 

55 

70 

85 

70 

90 

no 

80 

105 

130 

no 

140 

175 

90 

no 

130 

120 

150 

175 

150 

185 

215 

m 

IH 

65 

80 

100 

80 

100 

120 

100 

125 

145 

130 

165 

195 

100 

125 

150 

135 

170 

200 

165 

210 

2.50 

2 

m 

75 

90 

no 

95 

115 

135 

115 

140 

160 

150! 

185 

215 

115 

145 

175 

155 

190 

230 

190 

240 

290 

3 

2 

100 

120 

140 

120 

150 

175 

145' 

180 

210 

195 

235 

280 

1.50 

185 

220 

200 

250 

295 

2.50 

310 

365 

4 

2H 

125 

155 

190 

150 

195 

235 

185 

235 

285 

250 

315 

375 

195 

240 

290 

260 

320 

390 

325 

400 

480 

5 

3H 

155 

195 

230 

195 

240 

290 

235 

290 

350 

315 

385 

405 

240 

300 

360 

320 

400 

480 

400i 

500 

600 

6 

4 

185 

225 

270 

230 

280 

335 

275, 

340 

4051 

385, 

450 

.535 

280, 

3.50, 

420 

375 

4701 

.560j 

470, 

580 

700 

8 

5K 

225 

285 

345 

280 

355 

430 

340 

425 

515 

450 

570 

690 

355 

445 

.535 

475 

590 

715 

590 

740 

890 


1 Link-Belt Co. 


« The “size of product” listed corresponds with the size of round screen or ring opening through 
which 80 to 90 per cent would pass. Capacities given for two-roll Crushers are efficient capacities. 
Greater capacities than listed may be put through the crusher, but if this is done a larger proportion 
of fines will result. 

bituminous coal and size of lumps shown at top of column, to turn out the '^size of 
product^* listed at the left. 

All capacities are based on run-of-mine coal, from which none of the smaller sizes 
have been removed. ‘'Size of productmeans average results, 80 to 90 per cent to 
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pass through the size of screen or ring listed. When required to crush coal from which 
the smaller sizes have already been screened out, the capacity of crusher should be 
determined by adding together the tons of coal removed and the tons remaining to be 
crushed. Listed crusher capacities are based on the total tonnage as ordinarily 
handled, large and small together. 

Determination of Crusher Size. In determining size of crusher and motor required, 
consideration should be given to the fact that different kinds of coal, some hard and 
some soft, may have to be crushed. It must also be remembered that in time the 
teeth of the crusher become worn, which tends to reduce capacities and increase the 
power required; therefore, it is well to select a crusher of generous capacity. Coal 
classifications are as follows: 

Hard bituminous coaly such as West Virginia splint, Indiana block, Illinois, Iowa, 
Colorado, Wyoming, Pennsylvania Freeport, Kittanning, and cannel. The Hard- 
grove grindability ranges through 45 to 60. 

Medium-hard bituminous coaly such as West Virginia Thacker, Panther, Banner, 
Coalburg, Kentucky, Harlan, Hazard No. 4, No. 7 Block and Ohio Hocking. The 
Hardgrove grindability ranges through 60 to 80. 

Soft bituminous coaly such as Pocahontas, New River, Connellsville, Pittsburgh 
Nos. 7 and 8, and Youghiogheny. The Hardgrove grindability ranges through 80 to 
105. (For more specific information on grindability of coals, refer to Tables 17-9 
to 17-13.) 

Performances of double- and single-roll 
(Tushers show but little difference. The 
single-roll design performs better on large 
lumps as the roll gripping action is 
prompter than that of the double roll. 

These types of crushers, properly designed, 
and properly selected for size, will handle 
any type of coal whether wet or dry. 

Limit of Size Reduction. For roll 
crushers, the limit is about 1to 1in. 
size, because of tooth size and spacing 
limitations. It is possible to reduce 
lumps to in. or even to 3^^ in. by using 
small teeth or flutes on the rolls, but with 
considerable loss of gripping power of the 
rolls. 

Hammer Mills 

For fine crushing, a hammer mill (Fig. 

17-3) is desirable. This unit has a single 
high-speed rotor equipped with pivoted hammers of varying shape according to 
application (triangular, bar-shaped, ring, etc.), which shatter and grind the lumps 
through the grid spanning the discharge opening. Spacing of the bars determines the 
maximum size of the product. The pivoting of the hammers provides an automatic 
protection when tramp iron enters the crusher; when the hammer strikes the iron, 
the hammer pivots away. Any material too hard to crack is thrown off centrifugally 
into a trap, and the hammer action grinds up such material as straw and rags which 
would either pass through or stall a roll crusher. Wet coal has a tendency to clog 
the grid openings. 

Illustrated in Fig. 17-4 is a reversible-type hammer mill. The change from left- 
to right-hand rotation is accomplished by means of a motor switch. This alternate 



ring No. 1, the ring takes a radial position 
on shaft A. At the next counter-clock¬ 
wise ring the feed displaces the ring and 
shaft B supports and rotationally pushes 
the ring. Because of the radial displace¬ 
ment, the ring is centrifugally “off-bal¬ 
ance,” which causes the ring to press hard 
on the oncoming feed. {Pennsylvania 
Crusher Co.) 
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rotor rotation symmetrically sharpens the hammers, avoids shutdown for ^ burning 
hammers,^' and helps maintain optimum crushing surface. 

Limit of Coal-size Reduction. The limit of size depends on the spacing of the grid 
bars and the hammer types which vary with the application so that the lower limits 
vary from to % in. 



Fig. 17-4. Reversible hammer mill. The primary crushing occurs in free air as the 
hammer contacts the feed, projecting it at high speed against the imperforate anvil sur¬ 
faces. Final reduction occurs in the zone of close cage clearances. {Pennsylvania Crusher 
Co.) 


For further details of clearances, dimensions, and other details of the roll and ham¬ 
mer mills consult Link-Belt, Chicago, Ill.; Stephens-Adamson Mfg., Aurora, Ill.; 
Pennsylvania Crusher Co., Philadelphia, Pa.; Bartlett & Snow Co., Cleveland, Ohio; 
Jeffry Mfg. Co., Columbus, Ohio; and others. 


Bradford Breaker 

General Description. Where the reduction need not be below in., a Bradford 
breaker may be preferred (Fig. 17-5). This rugged slow-speed machine (25 rpm or 
less), with a perforated cylinder having internal baffles or lifting shelves, takes coal 


Table 17-6. Capacities and Sizes of Bradford Breaker^ 


Size, diam 

X length 

Motor, 
approx hp 

Capacity, 
approx tona/hr 

Size, diam 

X length 

Motor, 
approx hp 

Capacity, 
approx toufc/hr 

6' X S' 

10 

40-70 

10'6" X 17' 

50-75 

130-230 

T X ir 

15 

50-100 

10'6" X 19' 

60-75 

150-250 

T X 14' 

15-20 

60-125 

12' X 14' 

50-60 

150-300 

7' X 17' 

20-25 

80-150 

12' X 17' 

60-75 

190-360 

9' X 11' 

2^30 

80-150 

12' X 19' 

75-100 

220-420 

9' X 14' 

30-40 

100-190 

12' X 22' 

100-150 

250-500 

9' X 17' 

40-50 

120-230 

14' X 17' 

125-200 

300-600 

9' X 19' 
10'6" X 14' 

50-60 

50-60 

130-240 

110-210 

14' X 22' 

160-250 

350-700 


»Pennsylvania Crusher Co. 
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in at one end. It repeatedly lifts and drops the lumps while fines screen out and 
unbreakable lumps (frozen clay, tramp iron, nonmagnetic metals, rags, etc.) pass out 
at the other end. A reduction to about 1 by 0 in. is the usual duty of this machine, 
with standard capacities up to 600 tons per hr. Power requirement is comparatively 
low, but initial cost is more than for the roll crusher and the hammer mill, and space 
requirement is greater. This higher cost usually limits the application of the Brad¬ 
ford breaker to coal-handling systems of a minimum of 200 tons per hr. A recently 
developed breaker design has a modified hammer rotor within the cylinder at the 
refuse discharge end, which substantially increases the capacity and saves hard lumps 
that might not crack up by tumbling alone. 



Fig. 17-5. Bradford breaker. {Pennsylvania Crusher Co.) 


The Bradford breaker is best suited for large installations and central stations. 
Another advantage is the reduction to required size with less fines than any other type 
of crusher. 


THE PULVERIZATION OF COAL 

THE GRINDABaiTY OF COALi 

The grindability of a coal may be arbitrarily defined in a number of ways, e.g.y on 
the basis of the calculations of the new surfaces created (Cross, Hardgrove); on the 
basis of the weight or percentage of the material produced passing a given sieve 
(Frisch and Holder); on the basis of the amount of work done to grind to a specified 
fineness (ball-mill); or on the basis of the actual capacities obtained in commercial 
pulverizers. 

Unfortunately, each of these rating methods assigns quite different ranks to the 
same coals. The relative grindability factors depend not only on the method by 
which the coal is rated, but also on the coal selected as a standard of reference. 

Furthermore, grindability cannot be used as a direct quantitative index of mill 
capacity. There are several reasons for this, a principal one being that most of the 
test methods are necessarily based either on batch operation, or at the most upon a 
considerably modified attempt at continuous operation, whereas, in practice, the 
continuous method of operation is usually encountered. If the performance of a 
pulverizer is known on only one coal of known grindability, it is not possible to predict 
its performance on another coal, even though the latter is of known grindability. To 

1 Fbisch, Martin, and Foster, Symposium on Significance of Tests of Coal, ASTM BuU.t vol, 
37, Part II, pp. 441-466, 1937. 
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do this, the pulverizer must be operated as a large-scale testing machine and a sufR- 
cient number of coaJs of widely different grindabiJities tested before its performance 
on untried coals can be safely predicted. Even so, the capacities as obtained from 
records of such tests, or from logs of daily operation, may not be directly compared 



Surface moisture, percent Ring dia.feed size 100 percent passing, inches 


Fig. 17-6. Correction curve for effect of Fig. 17-7. Correction curve for effect of 
moisture on capacity. {ASTM, Sym- feed size on capacity. (ASTM, Sym¬ 
posium on Significance of Tests of Coal.) posiiim on Significance of Tests of Coal.) 


because of differences in the moisture, feed size, or fineness of the product during the 
various runs. Also the physical condition of the pulverizer during each run must be 
considered. 

However, where (1) such data include all significant items, (2) they were obtained 
with the pulverizer in good condition, and (3) a sufficient number of runs were obtained 



60 70 80 90 100 

Actuol fineness,percent passing No 200 sieve 


Fig. 17-8. Correction curve for effect of 
fineness of product on pulverizer capacity. 
{ASTM^ Symposium on Significance of 
Tests of Coat.) 


for a reliable average, it is possible to re¬ 
duce all results to a standard basis of 
moisture, feed size, and fineness of prod 
uce with sufficient accuracy to minimize 
the effect of these variables. The effect 
of the particular pulverizing characteristic 
of coals under consideration can then be 
recognized, and the coals may be ranked 
in accordance with the capacities obtained 
as corrected to standard conditions. The 
rankings thus obtained may be termed 
the grindability for the pulverizer in 
question. A further correlation of this 
grindability with those from standard test 
methods is also practical. 

Figures 17-6 to 17-8 show typical cor¬ 
rection curves for reducing the apparent 
grindability to a standard of 100 per cent 
passing a J^-in. ring, 3 per cent surface 
moisture, and a fineness of product of 70 
per cent through a 200 sieve. While these 
are of interest in indicating the magnitude 
of the corrections in each instance, they 


are for a specific pulverizer only; for acucracy, similar curves for the pulverizer at 


hand should be prepared. 


However, as J. F. Barkley has pointed out,^ either of the tentative ASTM standard 


1 Babklkt, j. F., Supervising Engineer, U.8. Bureau of Mines, in written discussion of paper. 
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test methods can be profitably used by coal purchasers as a guide to their selections, 
provided only that they fully realize that such grindability indexes are merely empir¬ 
ical expressions of relative grindability, subject to corrections for local conditions and 
use. In general, the higher the grindability number, the easier the pulverization; 
but, as this is relative rather than mathematical, this does not mean that a coal with a 
grindability 50 per cent greater than that at hand will result in a 50 per cent increase 
in pulverizer capacity. 

Grindability of Coal by the Hardgrove Machine^ 

Scope of Test. A prepared sample receives a definite amount of grinding energy, 
and the relative grindability of coals is measured by comparing the amount of the 
sample that passes through a 74-micron (No. 200) sieve with a coal chosen as 100 
grindability. 

Preparation and Procedure. A representative gross sample of coal is collected and 
prepared in accordance with ASTM Standard Method of Sampling Coal. Only that 
portion of the sample is used which passes through an 1,190-micron (No.* 16) sieve and 
stays on a 590-micron (No. 30) sieve. Of this prepared sample, 50 g is then placed in 
the Hardgrove grindability machine and ground until the machine makes 60 revolu¬ 
tions. The sample is then placed in a sieving machine over a 74-micron (No. 200) 
sieve. After 20 min of sieving, the material that passes through the 74-mieron (No. 
200) sieve is discarded and the material retained on the sieve is weighed to the nearest 
0.1 g. 

Calculations of Results: The grindability index is then calculated as follows: 

Hardgrove grindability index = 13 + 6.93TF 

where W *= weight of material passing the 74-micron (No. 200) sieve as determined 
from the weight of the original sample (50 g) minus the weight of the 
material retained on the 74-micron (No. 200) sieve 

Grindability of Coal by the Ball-mill Method* 

Scope of Test. The relative amounts of energy required to pulverize different coals 
are determined by placing a sample of coal in a ball mill and finding the number of 
revolutions required to grind it so that 80 per cent of the sample passes a 74-micron 
(No. 200) sieve. 

Preparation and Procedure. A representative gross sample of coal is collected and 
prepared in accordance with ASTM Standard Method of Sampling Coal. Approxi¬ 
mately 10 lb coal crushed to pass a 4,760-micron (No. 4) sieve constitutes the labora¬ 
tory sample. 

This sample is then prepared and groimd through successive stages until a 500-g 
sample of air-dried coal sized between 1,680-micron (No. 12) and 74-micron (No. 200) 
sieves is obtained. This sample to then placed in the mill and ground, through a 
series of operations, until 400 g, or 80 per cent of the original sample passes through 
the 74-micron (No. 200) sieve. The end point of the test is considered as the number 
of revolutions of the mill required to grind exactly 80 per cent of the original sample 
to pass the 74-micron sieve. 

Expressing the Results. The results are expressed as the average number of 
revolutions required to grind 80 per cent of the sample to pass the 74-micron (No. 200) 
sieve, or as follows: 

Ball-mill grindability index, per cent =-- r—p - 

average number of revolutions 

1 ASTM Tentative Specification D409-37T. 

2 ASTM Tentative Specification D408-37T. 
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Table 17-7. Principal Methods Used for Determining Grindability of Coal 

(Bureau of Mines ball-mill and Hardgrove methods are tentative ASTM standards; others are as 

proposed or actually used) 


Name 

Type of equipment 

General basis of determining index 

Accepted as tentative ASTM Standards 


Ball-mill method, Bu¬ 
reau of Mines, 

ASTM D408-35T 
(Yancey, Furse, and 
Blackburn, 1934) 

Special ball mill 
standardized di¬ 
mensions 

of 

Coal ranked in accordance with the reciprocal of the 
number of revolutions required to pulverize a 500-g 
sample in eight equal steps or cycles until 80 per cent 
is removed as —200-mesh material 

Hardgrove (1931), 
ASTM D409-36T 

Pulverizer of special 
design, rotated 60 
times 

Ratios of the new surface produced during a laboratory 
test of a coal and the new surface produced when 
testing an arbitrarily selected standard coal in a like 
manner 

More recently revised to specify the fineness of the 
Hardgrove machine product as measured by the 
amount passing the No 200 sieve as the basis for 
grindability from the empirical equation 

Grindability = G = 13 -f 6.93 TY 
where W — weight, g, of the 50-g sample passing the 
200-mesh sieve 


Other methods proposed or used 


Cross (1926) 

Standard laboratory 
jar mill 

Index numliers proportionate to the amount of new 
surface produced per unit weight of samiile 

Frisch and Holder 
(1933) 

Hardgrove machine 

Coals ranked in accordance with direct fineness meas¬ 
urements of Hardgrove machine test product as given 
by amount passing some one sieve as No 300, 200, or 
100. Eliminates necessity for calculating surface 
ratios 

CIT (Carnegie Insti¬ 
tute Technology) roll 
test (Sloman and 
Barnhart, 1935) 

Roller 

Consists of crushing a small sample by passing a stand¬ 
ard roller over it 10 times 

Black (1936) 

Ball mill 

Used samples of same volume instead of same weight 
for each test 

FRL method (Cana¬ 
dian department of 
Mines) 


Based on amount of material passing a given sieve 

Baltzer and Hudson 
(1933) 

Standard laboratory 
jar mill 

Grindability is the amount of — 100-inesh material pro¬ 
duced in the last of 3 equal standardized cycles 


Table 17-8. Approximate Conversion Table for Hardgrove and Ball-mill Grindability 

Indexes 


Hardgrove 

grindability 

index 


Ball-mill 

grindability 

index 

Hardgrove 

grindability 

index 


Ball-mill 

grindability 

index 

29 

20 

14 


■1 

52 

43 

30 

21 



60 

66 

40 

28 



70 

68 

50 

36 

118 

1 100 

89 

80 

60 

44 


110 

90 


Note: The numbers in the center column refer to the factors, either Hardgrove or ball-mill, which it 
is desired to convert into the other scale. If the center is considered ball-mill, the equivalent Hard¬ 
grove is on the left, and vice versa. 
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Table 17-9. Grindability of Bituminous Coals^ 


State and county 

No. of 
samples 

Range of values 

Average values 

Volatile, 
per cent 

Ash, 
per cent 

Grind" 

ability 

Volatile, 
per cent 

Ash, 
per cent 

Grind- 

ability 

Alabama: 








Bibb. 

6 

33 4-36 6 

7 3-12 2 

51-59 

35 4 

8 8 

54 5 

Blount. 





33 0 

4 4 

57 

Jefferson. 

23 

26 2-34 1 

5 3-14.9 

54-87 

29 9 

9 2 

73.5 

Marion 

1 




37 6 

3 4 

45 

Shelby 

G 

33 3-36 9 

5 0^9 7 

50-60 

35 0 

7 2 

55 3 

St. Clair. 

4 

32.5-36.7 

5 8-12 9 

49-62 

34 3 

8 5 

55 

Walker 

23 

29 6-39.6 

2.3-16.8 

43-65 

33.2 

11.4 

52.3 

Arkansas: 








Franklin 

2 

15.0-15 9 

10.9-11.4 

99, 102 

15 5 

11 2 

100 5 


1 




16 5 

15 4 

100 

Boulder 

4 




61 7 

10 7 

43 

El Paso 

2 

46.9,68 3 

7.9,10.6 

38-41 

57 6 

9 3 

39 


1 






45 

Huerfano 

5 




37 8 

12 3 

44 6 

Los Animas 

2 



44,54 



49 

Routt 

3 

39.0^2.8 

4.2-8.3 

43-58 

40 9 

6 7 

51 

Weld 

4 

44 0-57 9 

5.8-11.9 

38-62 

50 9 

8 3 

48 8 

Illinois: 








Christian 

3 



55-59 

39 1 

14 3 

57 

Franklin 

2 

32 7,33.4 

13 4,14 5 

53-63 

33 0 

13 5 

58 

Fulton 

5 

41.6-42.8 

8 3-13 3 

59-68 

41 9 

11 7 

63 

Henry 

4 

40.1-44.5 

10 7-21.8 

60-65 

42 4 

14 5 

62 

Jackson 

2 

39 2,42.8 

5 7,8.9 

74, 75 

41 0 

7 3 

74 

Knox 

1 




43 0 

7 4 

68 


1 




38.8 

16 4 

64 

Macoupin 

5 



46-52 


48 

Madison 

1 






56 

Peona 

2 

40 6,41 3 

15 5, 17 2 

65,67 

41 0 

16.3 

66 

Saline 

1 



53-72 

37 0 

9 0 

60 

Sangamon 

2 

37 7,40 8 

14 1, 15 6 

54-68 

39 2 

14 8 

62 

St. Clair 

4 

38 5-41 1 

14.9-15.0 

57-62 

40 4 

14 9 

60 

Tazewell 

1 




41 4 

11 4 

63 

Vermilion 

4 



55^9 

35 4 

13 0 

62 

Will 

7 



58-65 

43 6 

10.2 

61 

Williamson 

4 



52-59 



55 

Indiana: 








Clay 

2 

42 7-43 2 

5 6-6 2 

55-56 

42 9 

5 9 

55 

Gibson 

1 




39 3 

14 5 

58 

Greene 

3 

41 0-46 7 

10 2-13 5 

60-67 

43 8 

11 8 

63.5 

Knox 

1 




39 0 

16 1 

65 

Pike 

2 



60^5 

42 2 

11 9 

62.5 

Sullivan 

3 



52-63 

41 2 

11.9 

57 

Vigo 

8 

38 7^3 1 

e’i-ii 9 

58-68 

40.6 

9.6 

62 

Iowa: 








Boone 

2 






61 

Dallas 

1 




37 8 

19 9 

72 

Polk . 

2 

39.0,41 8 

19 0, 21 9 

62,66 

40 4 

20 4 

64 

Kansas: 








Cherokee 

1 




38 6 

10 0 

61 

Crawford 

1 




41 5 

7 7 

70 

Linn 

1 




31 0 

2.8 

70 

Kentucky: 








Bell 

5 

34 7-39.6 

4 9-7 4 

42-53 

37 2 

6 2 

49 

Christian 

2 

38 1,39.6 

7 2,7 5 

51,69 

38 8 

7 3 

60 

Floyd . 

7 

37 3-41 2 

5 9-11.2 

44-64 

38 6 

7 8 

53 

Harlan 

23 

30 8-40 0 

3 5-15 8 

31-68 

37 6 

6.8 

51 

Hopkins .. 

3 

39.3-40 6 

5.2-6.3 

56-64 

39.9 

5 7 

60 

Johnson . 

2 



57, 57 



57 

Knox. 

2 



47, 49 



48 

Letcher_ 

8 

32 3-37 7 

3 5-16 4 

46-62 

35 5 

9 6 

53 
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Table 17-9. Grindability of Bituminous Coals. ^ {Continued) 


State and county 

No. of 
samples 

Range of values 

Average values 

Volatile, 
per cent 

Ash, 
per cent 

Grind- 

abihty 

Volatile, 
per cent 

Ash, 
per cent 

Grind- 

ability 

Kentucky: {Continued) 








McCreary . . 

3 



47-55 



50 

Muhlenberg 

2 

35 9,41 2 

10 5, 16 6 

74,75 

38.6 

13 6 

74 5 

Perry ... 

6 

33 7-34 9 

7 6-15 0 

43-53 




Pike. 

9 

33 1-34.8 

5.6-7.7 

46-68 

33 8 

6 8 

56 5 


2 



61, 66 

39 0 

4 0 

63 5 


3 



61^5 

38 4 

12 2 

63 


2 



52-60 

31.9 

5 4 

56 

Michigan: 








Saginaw. 

5 

37.6-40.9 

8.7-12 2 

47-67 

38.5 

10 7 

56 

Missouri: 









3 



74-78 



76 

Callaway . 

1 




33 1 

19 9 

70 

Henry 

1 




34 6 

15 5 

61 

Randolph . 

2 

35.0,40 0 

11 9,20 4 

72-75 

37 5 

16 2 

73 5 

Montana: 








Carbon 

3 

36.3-39.6 

9.2-17 9 

47-56 

38 3 

13 6 

51 


1 




35 9 

11 8 

56 

New Mexico: 









1 




37 7 

13 5 

52 


2 



29-41 

43 6 

11 4 

35 

Santa Fe 

1 




8.0 

17 6 

36 

North Dakota: 








Ward. 

1 




61 7 

5 4 

50 

Ohio: 








Athens . 

5 



47-62 

36 7 

10 0 

54 

Belmont 

16 

34 8-43 3 

6 7-11 2 

45-64 

40 4 

9 2 

57 

Guernsey 

4 

35 7-37 1 

4 9-10 9 

49-64 

30 6 

8 9 

55 

Harrison 

3 

35 2-38 4 

9 4-12 0 

52-67 

36 8 

10 7 

61 

Hocking . 

1 




36 7 

10 0 

48 

Jefferson 

4 

34 6-37 1 

11 6-12 8 

54-60 

35 8 

12 2 

57 5 

Lawrence 

1 




41 8 

9 4 

51 

Noble 

1 




32 2 

12 8 

38 

Perry 

2 



53, 54 



53 5 

Oklahoma: 








Pittsburgh 

10 

29.6-31 7 

11 0-17 1 

47-67 

30 6 

14 0 

57 

Wagoner 

1 




36 3 

12 9 

66 

Pennsylvania: 








Allegheny . 

11 

33 6-37 3 

7 6-11 2 

52-71 

34 7 

9 1 

62 

Clearfield . 

5 



86 112 

19 6 

8 0 

101 

Elk . 

2 

28 6,35 2 

8 9, 9 9 

67,73 

31 9 

9 4 

70 

Fayette . 

G 

33 4-34 9 

7.0-11 7 

57-67 

34 2 

8 5 

63 

Greene 







65 

Indiana 

12 

19 6-27 4 

4 9 -10 5 

87-123 

24 7 

8 5 

104 

Jefferson 

9 

30.6-33.3 

5 7-5.7 

58-99 

32 0 

5 7 

85 

Somerset 

4 



94-115 

17 5 

9 6 

103 

Upper Kittanning“ 


17 5 

9 6 





Washington . 

8 

33 6-36 8 

9 1-12 5 

62-70 

35 4 

11 2 

63 

Westmoreland . . 

15 

31 2-36.1 

7 7-10 4 

53 90 

33 7 

8 8 

69 

Tennessee: 








Campbell 

5 



30-54 

35 8 

7 3 

46 

Anderson . 

3 

35 7,36 8 

6 2 7 7 

43-55 

36 2 

6 9 

47 

Claiborne ... 

7 

37 5-40 3 

5 1-9 9 

47-55 

38 1 

6 7 

50 

Cumberland . . 

2 

30 9, 34 5 

7 6,21 9 

51, 72 

32 7 

14 8 

61 5 

Fentress. 

4 

36 8, 36 9 

7.5, 13 3 

48-54 

36 8 

10.4 

51 

Grundy . 

2 



50,61 



55 5 

Hamilton. ... 

1 




27 8 

16 7 

76 

Marion. 

1 




28 4 

7 6 

62 

Morgan. 

1 




36 5 

8 3 

53 

Overton. 

1 






64 

Sequatchie. 

3 






64 

White . 

1 




36 3 

11 7 

62 
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Table 17-9. Grindability of Bituminous Coals. ^ (Continued) 


State and county 

No. of 
samples 

Range of values 

Average values 

Volatile, 
per cent 

Ash, 
per cent 

Grind- 

ability 

Volatile^ 
per cent 

Ash, 
per cent 

Grind- 

ability 

Tennessee: {Continued) 








Maverick 

3 

21 9-26 7 

15 0-37 6 

82-104 

24 1 

26 7 

92 

Webb. 

3 

40.0-50 7 

8.0-29 3 

32-39 

44 4 

17 9 

36 

Utah: 








Carbon . 

4 

41 6-44 1 

5 8-6 9 

43-49 

42 6 

6 3 

45 

Summit. 

2 

43 2,44 1 

4 6,4 9 

47. 50 

43.6 

4 7 

48 5 

Virginia: 








Buchanan . 

7 

30 4-35 3 

3 3-5 4 

58-79 

32 8 

3 7 

70 

Dickenson 

4 

29 5-32 6 

5 7-7 6 

52-85 

31.1 

6 6 

76 5 

Lee . 

9 

38 4-42 7 

4.1-13.5 

44-50 

40 4 

8 6 

46 

Montgomery. 

1 




12 5 

19.5 

83 

Pulaski . . 

3 



55-63 

11 7 

21.4 

59 

Tazewell 

8 

22 2-31 3 

3 8-9 5 

67-105 

24 7 

6 7 

92 

Wise .... 

5 

33 6-36 0 

4 0-8 0 

50-78 

35 1 

6 2 

59 

Washington: 








King . 

4 

32 8-37 9 

10 0-17 7 

29-58 

34 5 

15 1 

46 

Kittitas . 

3 

37 7-39 6 

10 5-15 8 

49-52 

38 3 

14 0 

51 

Pierce 

9 

21 2-36 2 

9 4-18 9 

67-105 

29 6 

13 3 

83 5 

Whatcom . . 

4 

38 8-40 9 

14 5-17 3 

37-44 

40 2 

15 4 

41 

Thurston . 

2 

50 9,57 2 

10.9, 18 2 

26, 34 

54.0 

14 5 

30 

West Virginia: 








Barbour . 

3 



62-74 

39 2 

8 5 

66 

Boone . . 

10 

35.6-38 5 

3.8-7.8 

31-55 

37 2 

5 6 

46 

Braxton . 

1 




40.9 

8 2 

55 

Brooke 

1 




35 7 

5.3 

68 

Fayette 

11 



46-106 



71 

Greenbrier . 

2 




26.6 

3 5 

93 

Harrison . . . 

7 

23 7-41 1 

e’o-io 7 

43-97 

37 2 

7 3 

65 

Kanawha 

20 

34 8-38 8 

4 9-13 6 

39-71 

36 4 

8 4 

49 5 

Logan . 

19 

33 1-37 0 

4 2-10 2 

45-67 

34 5 

7 7 

55 

Marion 

6 

35 4,39 1 

4 3,9 6 

49-74 

37 2 

6 9 

62 

Marshall 

1 




38 8 

6 0 

44 

Mercer 

1 




17 1 


105 

McDowell 

15 

17 5^23 6 

5 ’5-10 8 

69-108 

19 1 

7 2 

97 5 

Mingo . . 

6 

30 2 -38 6 

5 9,6 0 

47- 59 

34 4 

5 9 

54 

Monongalia . 

10 

35 6-38 1 

9 .5-11 7 

50-72 

37 2 

4 7 

64 

Ohio . . . 

2 

33 0,40 9 

2 5. 3 9 

54, 60 

36 9 

3 2 

57 

Preston 

4 

24 4-30 5 

6 4-11 1 

63 107 

27 8 

8 1 

89 

Raleigh 

12 

18 5-34 8 

3 3-6 8 

40-107 

25 6 

5 1 

88 

Randolph 

1 




30 6 

13 3 

51 

Taylor , . . 

1 




39 2 

8 5 

71 

Tucker , . 

1 




24 0 

9 0 

97 

Webster . 

3 




35 2 

6 0 

61 

Wyoming 

1 






101 

Wyoming; 








Campbell . .... 

2 



53, 57 

67 8 

10 8 

55 

Hot Springs 

1 




42 8 

6 3 

55 

Sweetwater . 

6 

40 0-46 9 

4 4-8 9 

41-76 

44 1 

5 9 

52 


1 Condensed from Babcroek & Wilcox Co., Grindability of Coals Mined in the United States, Canada, 
and Other Countries, Bull 3-241, May, 1938. ASTM Tentative Grinding Method D-409-37T. 

® This coal (Upper Kittanning, Somerset County, Pennsylvania) is the standard 100-grindability coal. 
The source is Jerome mine. 
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Table 17-10. Average Grindability and Btu Coals by Seams^ 


State and county 

Seam 

Grind- 

ability 

Btu, dry 

Btu, moisture- 
and ash-free 

Alabama: * 





Blount. 

Altoona 

57 

14,670 


Bibb. 

Thompson 

54 

13,705 



Woodstock 

53 

13,890 



Clark 

59 

13,890 


Jefferson. 

Mary Lee 

74 

13,600 



Pratt 

78 

14,250 

a 

Arkansas: 




V 

Franklin. 

Denning 

101 



Illinois: 





Christian. 

No. 6 seam 

57 


12,300 

Franklin. 

No. 6 scam 

56 


13,100 

Fulton . 

No. 5 seam 

04 


12,000 

Henry . 

No. 2 seam 

02 


12,200 

Jackson . 

No. 6 seam 

75 


13,100 

La Salle. 

No. 2 seam 



12,200 

Saline . 

No. 5 seam 

59 


13,700 

Sangamon . 

No. 5 seam 

01 


12,100 

St. Clair. 

No. 6 seam 

00 


12,600 

Tazewell . 

No 5 seam 

01 


12,000 



03 


12,350 

Will . 

No. 2 seam 

00 


12'000 

Williamson. 

No. 6 seam 

55 


13,300 

Kentucky: 





Harlan. 

Harlan 

52 



Letcher. 

Hazard No. 4 

56 



Ohio: 





Belmont. 

Pittsburgh No. 8 

57 



Pennsylvania: 





Allegheny. 

Pittsburgh 

64 



Allegheny. 

Freeport (thick) 

61 



Armstrong. 

Upper Freeport 

57 



Cambria. 

Lower Freeport 

99 




Upper Freeport 

87 




Lower Kittannmg 

107 



Fayette. 

Pittsburgh 

63 



Indiana. 

Lower Kittanning 

107 



Jefferson. 

Lower Freeport 

92 



Washington . 

Pittsburgh 

60 



Westmoreland. 

Pittsburgh 

69 



West Virginia: 





Boone . 

Winifredc (Dorothy) 

39 



Fayette. 

No. 2 gas seam 

56 




Powelton 

02 




Sewell 

95 



Greenbrier. 

Sewell 

93 



Harrison . 

Pittsburgh 

60 




1 Condensed from Babcock & Wilcox Co. Bvll. 3-241, May, 1938. 


Table 17-11. Grindability of Canadian Coals ^ 


Province 

No. of 
samples 

Range of values 

Average values 

Volatile, 
per cent 

Ash, 
per cent 

Grind- 

ability 

Volatile, 
per cent 

Ash, 
per cent 

Grind¬ 

ability 

Alberta . 

7 

22 3-58 4 

11 8-20 3 

4()«-130*' 

35 0 

19 0 

101 * 

British Columbia. 

15 

22 3-28 2 

6.9-16.9 

62^-117 

24 9 

10 4 

lOP 

New Brunswick. 

1 




31 3 

20 8 

72 

Nova Scotia . 

7 

30 9-36.3 

6 0-21 7 

45-74 

33 9 

15 2 

66 

Ontario* . 

1 




64 3 

16 7 

64 

Saskatchewan*. 

2 

40 6,44 1 

12 6, 18 1 

’58,100 

42 3 

15 3 


Vancouver Island 

9 

37 7-40.1 

8 3-17 2 

50-92 

39 0 

13 3 

66 


* Condensed from Babcock & Wilcox Co , Grindability of Coals Mined in the United States, Canada, 
and Other Countries, Bull. 3-241, May, 1938. ASTM Tentative Grinding Method D409-37T. 

« Only two of the seven samples in this group were below 80 grindability. 

^ Kootenay samples tested 124 and 130 grindability. 

« Not including two low-i^ndability samples. 

^ Only^ two samples in this group were below 86 grindability. 

« Lignite. 
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Table 17-12. Analyses and Grindability of Coals in Great Britain^ 



Proximate analysis 

Grind- 

ability 

Ash-softett- 

Source and type 

Volatile, 
per cent 

F.C., 
per cent 

Ash, 
per cent 

ing temp, 
deg F 

• 

Aberdare, dry duff 

12 1 

72 2 

15 2 

71 


Abergrave, duff... 

7 9 

79 6 

12 5 

68 


Aberpergwin, anthracite duff and billy duff. .. 

8 9 

78 8 

12 4 

59 


Aldridge slack, Midland district 

33 9 

51 1 

12 0 

56 

2295 

Allen’s rough slack, Midland district 

37.9 

54 4 

7 7 

43 

2310 

Anthracite 




29 


Baggeridge slack. Midland district 

31 6 i 

49 2 

19 2 

46 

2320 

Bedwas navigation colliery, rock-vein coal 

23 4 

53 5 i 

23 1 

64 


Bersham slack. North Wales 

29 9 

49 2 

20 9 

46 

2610 

Betteshanger slack, Kent district , 1 

14 1 

76 3 

9 6 

88 


Brownhills slack, Midland district. , 

36 9 

54 9 1 

8 2 

35 

2395 

Calligeidrim Breaker duff 

6 5 

83.5 

10 0 

39 


Chattcrly and Whitefield slack 




62 


Chislett .... . . ... 




72 


East Cannock slack, Midland district.. 

32.2 

48.4 

19.4 

58 

2330 

East Hetton duff, Durham district 




60 


East Hetton duff. No. 1, Durham district 

34 6 

54 2 

11 8 

64 

2200 

East Hetton duff. No. 2, Durham district 

29 7 

51 1 

19 2 

61 

2360 

Einlyn anthracite colliery, billy duff 

6 5 

77 8 

15 7 

54 


Great Mountain, anthracite duff 

6 6 

80 1 

13 3 

43 


Hawkins slack. Midland district 

28 3 

49 5 

22 2 

44 

2785 

Hay dock rough small, Yorkshire 

36 3 

57 3 

6 4 

47 

2200 

Holditch slack. Midland district 

32 4 

59 2 

8 4 

49 

2125 

Hollybank Mitre slack, Midland district . 

35 1 

50 1 

14 8 

46 

2275 

Lilleshall slack. Midland district 

38 8 

51 9 

9 3 

56 

2775 

Littleton slack. Midland district 

32 2 

48 3 

19 5 

51 

2295 

Llay Mam slack. North Wales 

35.2 

58.2 

6.6 

50 

2410 

Llay Mam dust. North Wales 




65 


Polmaise anthracite 




79 


Primrose slack. South Wales . 

29.9 

4.3 i 

27 6 

45 

2540 

Ruabon slack. North Wales 

32 2 

52 8 

15 0 

45 

2480 

Saltwell’s slack. Midland district, Staffordshire 

33,2 

46.7 

20.1 

42 

2625 

Scotch anthracite duff. 




25 


Scotch coal 

38 4 

55 3 

6 3 

43 


Scotch singles (2 samples) . . 

36 7 

53 3 

10.0 

46, 49 


Snowden dry clean smalls 

21 2 

69 9 

8 9 

85 


Wallsend . 

42.3 

53 3 

4 4 

57 


Walsallwood slack, Midland district, Stafford¬ 
shire . 

34.2 

42 8 

23.0 

56 

2600 

Warrens Hall slack. Midland district, Stafford¬ 
shire .... 

26.1 

60 1 

13 8 

60 

2345 

Welsh anthracite, Wales (avg of 2 samples). . 

9.1 

87.0 

3 9 

45, 69 

2360 

Whitburn . . 




69 


Yorkshire dry slack, Yorkshire . . 

31 9 

52 7 

15 4 

45 

2260 


* Babcock & Wilcox Co., Cnndalnhty of Coals Mined in the United States, Canada, and Other 
Countries, Bull. 3-241, May, 1938. Grindability according to ASTM Tentative Standard D409-37T. 
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Table 17-13. Analyses and Grindability of T}rpical Foreign Coals by Mines ^ 


Country, source, and type® 


South Africa: 

Coalbrook colliery, Vereeniging. 

Ridan colliery, Vereeniging. 

Coronation colliery, Witbank district. 

Australia: 

John Darling, Borehole seam. 

John Darling, Victoria seam . 

Ellington. 

Main Range, Lithgow seam. . 

South Clifton, Bulk seam . 

Steel Works, Lithgow seam . 

Vale Clwydd No. 2, Lithgow seam. 

Victoria . . ... 

Wontghaggie (Victoria) ... 

Belgium: 

Coal Charbonnages do Wenster. 

Coal Charbonnages do Werister. 

Brazil: 

Porto Allegro. 

Chile: 

Lirquen. 

Lota . 

Sell wager. 

China: 

Kallian (Shanghai). 

Fushain No. 2 (Shanghai) 

Peipiao ... 

Czechoslovakia; 

Sofie Mine Olan Lazy . 

Anslem Mine, Petrokive. 

Bettina Mine, Dombrau. 

France: 

Bethune. 

Bruay. 

Courri^res . 

Dougos . 

Drocourt. 

Gouffre. 

Hpmu. 

Maries. 

Nord de Charleroi. 

Germany: 

Anthracite (Itenzoe) 

Blecheimer Braunkohle. 

Essfein.. 

Victoria Augusta, Fettefein .. 

Hattingen. 

Magerfein . 

Witkowitzer, Bergbau, and Eisen 
Upper Silesian slag coal 
Rhine colliery, Oborcasscl 
Semianthracite, Heinrich 
SubbituminouB, Ibbenburen . 
Subbituminous, Eschweiler 

Jacobi. 

Subbituminous, Ludwig. 

German Austria: 

Fohnsdorfer nut. 

GrUnbacher. 

Statzendorfer. 

Tauchener. 




2935 

2250 

30004- 

2760 


2170 

2360 

2200 


2790 


2425 

2260 

2380 
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Table 17-13. Analyses and Grindability of Typical Foreign Coals by Mines. ^ 

{Continued) 


Country, source, and type® 

Proximate analysis 

Grind¬ 

ability 

Ash-soften- 
ening temp, 
deg F 

Volatile, 
per cent 

F.C., 
per cent 

Ash, 
per cent 

Holland: 






Emma . . 

19 7 

74 7 

5 6 

93 

2490 

Wilhelmina (avg of 7) 

11 0 

84 3 

4 7 

55-70 


India. 

33 4 

49 8 

16 8 

52 


Japan: 






Miike. 

40 8 

|0 4 

8 8 

80 

2095 

Lignite, Naikwa . .... 

45 4 

46 4 

8 2 

38 


Yuban dust 

41.7 

48 3 

10 0 

48 


y ugosla via: 






Banja Luka (2) lignite 

41 2 

36 8 

22 0 

59 

6970fc 

Breza (2) lignite . .... 

38 5 

44 9 

16 5 

42 

8960* 

Erbskohle. . 

44 3 

39 0 

16 7 

26 

7560* 

Grieskohle. . . 

47 4 

32 4 

20 2 

22 

7086* 

Kajevica. 

41 2 

41 2 

17 6 

60 

11010 * 

Kakanj . ... 

39 4 

44 9 

15 7 

38 

9950* 

Staubkohle . 

41 7 

35 2 

23 1 

28 

6270* 

Valenja lignite ... 

45 8 

29 5 

24 7 

33 

4707* 

Zabukovag lignite 

30 9 

34 3 

34 8 

59 

6,474* 

Manchukuo (2 samples) . . ... 


... 


46, 58 


Mexico: 






North Mexican anthracite (Coahuila) 

2 3 

91.0 

6.7 

27 

2470 

New Zealand: 






Warco coal (2 samples) ... 

48 1 

46 9 

6 0 

61,65 

2120 

State mine, Liverpool coal 

35 8 

59 8 

4 4 

81 

2430 

Newfoundland .... .... 

31 5 

59 9 

8 6 

73 

2250 

Philippine Islands: 






Uhling, Cebu (avg 3 samples). 

42 3 

50 7 

7 0 

44-52 

2265 

Russia: 






Bobriki. 

33 0 

35 8 

31 2 

95 


Kizal (avg 2 samples). 

29 7 

44 0 

26 3 

50, 54 


Spain: 





I 

Balearic Islands. 




71 


Tasmania (avg 2 samples). . 

35 5 

50.3 

14 2 

37, 49 

2475 

Turkey (avg 2 samples). 

24 1 

1 

43 7 

32 2 

! 82,89 



1 Babcock & Wilcox Co,, Grindability of Coals Mined in the United States, Canada, and Other 
Countries, Bull. 3-241, May, 1938, Grindability according to ASTM Tentative Method D409-37T. 
« DesiRnations are local, but first name usually refers to mine or colliery and second to seam or district. 
Btu as received. 


Grinding Anthracite for Pulverized FueP 

According to C. H. Frick, i the characteristics of anthracite are considerably differ¬ 
ent from those of bituminous coal or other materials that might be ground with a 
vertical mill in that the coefficient of friction between the various anthracite particles 
is very low. As a result, the particles have a tendency to slide on each other and slide 
on the ball race, whereas with the horizontal mill many tons of small balls are raised 
by the rotation of the mill and dropped, causing thousands of hammer blows, which 
crush the coal to the desired fineness. In the vertical mills, the few balls, usually 12 
or 15 in. in diameter, tend to slide and lose their roundness, making necessary frequent 
replacement and high maintenance costs; whereas in the ball-and-tube mill the small 
balls, generally 134 to 134 in diameter, wear down to almost nothing, and addition 
is made periodically of new balls to maintain a certain level in the mill. The hori¬ 
zontal ball-and-tube mill is therefore the most used type of mill today for grinding 
anthracite. 

1 Frick, C. H., Grinding of Anthracite for Pulverized Fuel, AIME Tech. Puh. 2061, 1946. 
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As was discussed in the section on anthracite volatile matter, anthracite is softest 
at the extreme western tip of the fields and generally becomes progressively harder 
as the distance to the east and northeast increases. Roughly the variation is from 
about 60 Hardgrove in the western end of the region to 35 in the eastern. Frick has 



0 5 10 15 20 25 30 35 40 45 50 55 60 


Miles east of Lykens, projected distance 


Fig. 17-9. Results of experiments with coal from various sections of the anthracite region. 
(C.’ H. Frick,) 


plotted this variation for its effect on the capacity of both ball-and-pusher and ball- 
and-tube mills. He concludes that, whereas in the ball-and-tubo mill the variation 
in capacity with location in the field and ash content is comparatively small, there is 
considerable variation in the output of the vertical mill, depending on the hardness 
of the coal (see Fig. 17-9). 



Moisture in coaT, percent 


Fig. 17-10.* Effect of moisture on capacity of horizontal ball-and-tube mill. Curves 
from manufacturers’ proposals: Curve A from manufacturer A; curves Bi and B 2 from 
manufacturer B. {Fricks C, H., Grinding of Anthracite for Pulverized Fuel^ AIME Tech. 
Paper 2061, 1946.) 


Effect of Moisture Content. The output of a given fineness with a given mill 
installation varies considerably with the initial moisture content of the coal entering 
the mill. As all anthracite is now prepared by wet processes, and as small coal has a 
tendency to hold its moisture for even longer than the larger sizes, this can become a 
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major factor in mill capacity. As an example, in the winter the moisture content of 
the small anthracite may be at least 20 per cent. As is shown in JFig. 17-10, even 
though preheated air is used in mill drying, the capacity is less than 60 per cent of 


Table 17-14. Grindability of Pennsylvania Anthracite^ 


-, 



Range of values 


Average values 


No. 
















County 

of 

sam¬ 

ples 

Vola¬ 

tile, 

Ash, 

Ash-softon- 

Grind- 

Vola¬ 

tile, 

Ash, 

Grind- 


per 

cent 

per cent 

ing temp, 
deg F 

ability 

per 

cent 

per 

1 cent 

ability 

Carbon.. 

2 

4 7 

14.1 

2950 

30-33 

4 7 

14 1 

31.5 

Lackawanna 

1 

6 3 

9.2 

2900+ 

26 

6 3 

9.2 

26 

Luzerne 

5 

5 1-5 9 

6 6-14 7 

3000 

21-34 

5,5 

10,5 

27.5 

N orthumberland 

7 

5.9-8 6 

8.3-15 5 

287.5-3000 

44-61 

6 9 

10.7 

49.4 

Schuylkill 

19 

3 0-7.4 

9 3-17 7 

2.575-2975 

30-63 

5 1 

16 7 

43 2 

Lower Susquehanna River 

3 

7 8-7 9 

17 3-20 6 

1925-2610 

28-33 

7 8 

19 2 

30 3 

Totals and avg 

37 

3 0-8 6 

6 6-20 6 

192.5-3000 

21-63 

6 0 

13 4 

34 6 

Luzerne bone" 

1 ! 

5 4 

46.0 

2925 

36 

5 4 

46.0 

36 


1 Condensed from Babcock & Wilcox Co., Grindability of Coals Mined in the United States, Canada, 
and Other Countries, Bull. 3-241, May, 1938. ASTM Tentative Grinding Method D409-37T. 

® Bone is material containing more than 40 per cent and less than 75 per cent carbon. 


what it would be with initial moisture of less than 2 per cent. It thus usually becomes 
necessary to dry anthracite before it enters the mill even if preheated air is used in 
the mill. 


Table 17-15. ASTM Standards for 
the Reduction of Coal Samples^ 


Weight of Sample 
to Be Divided, Lb 

1,000 or over 
500 
250 
125 
60 
30 


Largest Size Allowable in 
Sample before Division, 
In. 

1 

H 

H 

^8 



5^6 or to pass a 4,760- 
micron (No. 4) sieve 

1 ASTM D21-16, Standard Method of 

Sampling Coal, ASTM Standards, 1936, Part 

II, p. 382. 

PULVERIZERS 

•Originally coal was dried ^ before enter¬ 
ing the pulverizer or was fed to it in an 
undried condition. No heat was added 
to the mill system for moisture removal. 

Today practically all modern pulverizer 
installations are equipped for mill-drying. 

In a direct-fired system, hot air is preferably used for drying. In addition to drying 
and transporting, this hot air is also the burner primary air. If hot flue or furnace gas 
is used directly for drying, it must be diluted with air so that the CO 2 content is low 
enough not to interfere with ignition. 

Either a regenerative or a recuperative type of air heater is the best source of hot air 
for mill drying. If the moisture content is not too high, a small steam-air heater may 
be used. 

1 DE Lobenzi, Otto, Combustion Engineering Co., Inc., pp. 7-14, 7-17. 


Fig. 17-11. Air quantity and temperature 
required for mill drying. {''Combustion 
Engineering,'' Is^ ed., p. 7-16.) 





Fig. 17-12. BalJ-and-tube-mill pulverizer. The rotating table feeder allows predeter¬ 
mined amounts of coal to drop to the spiral flights which carry tlie coal into tlie ball mill. 
Hot air carries the coal through the classifier, which allows only the proper sized iiurtiides 
to pass. {Foster Wheeler Corp.) 

In addition to the widely used mechanical mills mentioned, there is also the attrition 
type, characterized by the absence of any moving parts. This type is as yet in the 
experimental stage with respect to the application for coal-combustion purposes. 

Ball-and-tube Mill. This mill consists of a rotating drum charged with steel balls 
and coal, as indicated in Fig. 17-12. Heated air enters the mill through the central 
pipes and carries the pulverized coal through the annular opening to the classifier. 
Oversize rejects drop from the classifier to the spiral flights, where they mix with the 
raw-coal feed. As the rejects are practically free of moisture and preheated consider¬ 
ably above the ambient temperature, they tend to reduce the surface moisture of the 
raw coal by surface contact. The spiral flights feed the raw coal and the rejects into 
the mill, where they are pulverized by impact and attrition brought about by the 
cascading action of the balls and coal. 

Feed control is automatic, so that a constant level is maintained in the mill regard¬ 
less of the output. A feature of this mill is the large reserve supply of fuel maintained 
in the mill (resembling the bin system) that is available to meet fluctuation of demand 
or alleviate the effect of coal-flow interruption by hanging up in bunker or spouts. 

Exhauster fans are the radial-vane type and handle both the air and the pulverized 
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coal. The exhausters operate at constant speed, the rate of discharge being damper- 
controlled. The exhausters are subject to wear due to abrasive actiop of the coal on 
the internal surface. 

Ball-race Mill. The grinding elements of this mill consist of one stationary grind¬ 
ing ring, one bottom rotating ring, and a complement of large steel balls interposed 
between the two rings, thus forming a ball-bearing-like assembly. The raw-coal 
feeder deposits the coal inside the ring of balls, where it is pulverized and partly dried 
between the grinding elements, which are heated by the primary air as it passes 
through the pulverizer. The primary air entrains the fines as soon as formed, heats 
them, and carries them to the classifier, where oversized material is rejected and 


Table 17-16. Pulverizer Comparison 




Roller 



Ball-and-tube mill 

Ball-race mill 

Bowl 

Impact 

Metallic contact 
in finding 
zone 

Point contact of 
balls on liner, balls 
on balls 

In contact 

None 

None 

Drive 

Horizontal, pinion 
and large gear 

Vertical, bevel gears 

Vertical, worm 
gears 

Horizontal, direct 
coupling from 
motor 

Tramp material 

Assists grinding un¬ 
til ground up 

Promptly rejected after initial contact 
with grinding elements 

Unitype, magnet in 
feeder and tramp 
pocket in mill. 
Atrita, magnet in 
feeder 

Size of plant 

Small, medium, 
large 

Small, medium, 
large 

Small, medium, 
large 

Small, medium 

Loss of fineness 
with wear of 
grinding ele¬ 
ments 

None but requires 
ball replacement 

None 

Adjustment pro¬ 
vides for constant 
fineness 

Largest 

Noise 

Highest 

High 

Quiet 

Least 

Pulverizer fan 

Handles coal and 
air 

Handles clean air 
only 

Handles coal and 
air 

Handles coal and 
air 

Normal type of 
coal 

Anthracite, semi- 
bituminous, bitu¬ 
minous 

Semibituimnous, 
bituminous, lig¬ 
nite 

Semibituminous, 
bituminous, lig¬ 
nite 

Semibituminous, 

bituminous 


returned to the grinding zone for further pulverization. Material of proper fineness is 
conveyed by primary air through pipes to the burner or burners. The hot dry rejects 
from the classifier form the recirculating load in the pulverizer and, in passing through 
the grinding zone, provide relatively large surface contact with the raw coal, thus 
providing additional drying effect. 

The automatic feed control can be coordinated with any system of combustion 
control, as fuel is varied simply by regulating the primary-air damper. Because the 
feeder controller operates from the rate of air flow and pressure drop through the 
grinding zone, the response to load change is rapid. 

The pulverizer operates under pressure, so that the primary-air fan handles only 
clean air, and the fan blades are not subject to the abrasive action of pulverized mate- 
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rial. This system makes it possible to use fans of higher efficiency and provides more 
effective distribution of pulverized coal to the burners (Fig. 17-13). 



Fig. 17-13. Ball-race-type roller mill. Pulverization of the coal is accomplished by the 
ball-shaped grinding elements. Separation and drying of the fines is effected within the 
pulverizer by preheated primary air. {The Babcock & Wilcox Co.) 


This type of mill is made in 17 sizes, ranging in capacity from 3,000 to 33,000 lb coal 

per hr, based on ABMA standard conditions. 
The ball-metal loss in weight per ton of coal 
ground varies directly with the abrasiveness of 
the coal being pulverized. 

Bowl Mill. A paddle type of feeder deposits 
the required amounts of coal into a revolving 
bowl (rim speed approximately 1,200 fpm) that 
carries the grinding ring. The rolls are 
stationary, do not contact the ring, and are 
positioned by adjustable springs. Centrifugal 
force moves the coal up the grinding face and 
over the rim. The slope of the grinding face 
retards the coal sufficiently so that it is nipped 
and crushed by the rolls and is thrown into the 
annular passage around the rim. Deflectors 
throw the larger particles, because of their 
inertia, back into the grinding zone. Pyrites 
and tramp iron, because of their weight, are not lifted by the air velocity and drop to 
the mill bottom where they are swept into the tramp-iron spout (Fig. 17-15). 



Rating, percent 

Fig. 17-14. Power characteristic 
curve for type E pulverizer. {The 
Babcock & Wilcox Co.) 
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Fio. 17-15. Bowl-type roller mill. Combustion Engineering” let ed., p. 7-24.) 



Fig. 17-16. Unitype—impact-type pulverizer. (1) Shaft; (2) hammer disks; (3) pul¬ 
verizer hammers; (4) self-aligning bearings, dust-tight; (5) exhauster fan; (6) renewable 
pulverizer chamber lining; (7) pocket for tramp material; (8) dampers for regulating 
primary air flow. (Erie City Iron Works.) 



Pulverizer copoc!ty,lbof cool per hr 

Fig. 17-17. Kilowatt input to pulverizer motor with varying moisture in coal based on 
60 per (;ent grindabilitv coal and G6 per cent through 200-mesh s(;reeii and 98 per cent 
through 50-mesh screen. 


Size pulverizer 

Max capacity, 
lb 

No-load 
power, kw 

A 

1,500 

4 5 

B 

2,500 

6 5 

C 

4,.500 

10 0 

D 

7,500 

14 5 

E \ 

10,000 

18 0 


{Erie City Iron Works.) 



30 40 50 60 70 80 90 100 110 


Grindabiiity of cool, percent 

Fig. 17-18. Correction factor for varying grindabiiity of coal based on 05 per cent through 
200 mesh. To be multiplied to kw above no load only. (Erie City Iron Works.) 
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Fig. 17-20. Impact-type pulverizer—atrita. The raw coal is broken to a granular 
state by the hammer pegs, and then passes to the attrition stage where it is finally reduced. 
The fan draws the finely divided coal from the pulverizer section, liejector arms throw 
back the larger particles for further reduction. {RUey Stoker Corp.) 
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The air stream sweeps the particles into a classifier which rejects the oversize which 
drops back into the mill. Hot air dries the coarse rejects as they drop, and they mix 
with the wet feed which helps to provide a lower moisture content in the grinding zone. 
An exhauster fan removes the fine coal from the classifier and discharges it to the 
burners. 

Response to changes of load are effected by simultaneous control of raw-coal feed 
and air supply, which can be accomplished by some automatic system. 

Impact Mill—Unitype. The feeder is of the table variety. After leaving the 
feeder, it passes over the face of a built-in electromagnet to remove the ferrous mate- 



Grindability - Hardgrove 

Fig. 17-21. Riley atrita performance. Curve A, power capacity 50 grindability 3 per 
cent moisture; Curve B, power at maximum capacity with various grindabilities and 3 per 
cent free moisture. For duplex atritas multiply power and capacity by two. {Riley 
Stoker Corp.) 

rial. From here it passes on down to the first pulverizing pocket where other foreign 
materials are thrown into the tramp pocket. Pulverization is accomplished pro¬ 
gressively in the three successive chambers indicated in Fig. 17-16, by hammers with 
chilled wearing surfaces. The pulverizing chambers are separated by steel dia¬ 
phragms. The dimensions of the diaphragm openings are such that only coal of 
correct size is allowed to progress through the pulverizer. Removal of proper size 
coal is accomplished by means of a suitable air velocity through the mill. Air¬ 
regulating dampers are provided for selecting the correct air velocity to produce the 
desired pulverization while the mill is in action. 

The performance of the Unitype pulverizer can be calculated from the curves of 
Figs. 17-17 to 17-19, e.g.j the power consumption of a 4,500-lb pulverizer at 5 per cent 
moisture, 95 per cent grindability, and 69 per cent through a 200-mesh screen. The 
total input to the motor will be 

Kw = no load + (A X B X C) 

No load from table, curve A = 10 kw 

A from curve at 5 per cent moisture = 32.8 kw 
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Fig. 17-22. Riley atrita performance. 


B from curve at 95 per cent grind- 
ability = 0.964 

C from curve at 69 per cent fineness 
= 1.06 

Inserting these values in the equation, 

Kw = 10 + (32.8 X 0.964 X 1.06) 

= 43.6-kw input 


"^Max fineness-percent 
through 200 mesh 
occuring at 45 % of 
max capacity 

Fineness at max capacity 
TO % through 800 mesh 


{Riiey Stoker Corp.) 

Classifiers Classifier vanes 
' ' 


Fine — 


To change this figure to kilowatt- 
hours per ton, it is necessary only to 
multiply by 2,000 lb per ton and divide 
by the rate per hour: 

Kwhr at 4,500 lb/hr 



Medium Course 


Reduction \ • A 
chamber 

_^Eiastic fiuid 
Noxzies^* ■!“**“ under pressure 

Fig. 17-23. Fluid-energy reduction mill. 
Jet action in the reduction chamber breaks 
up the individual particles by impact and 
abrasion against each other. (C. JET. Wheeler 
Mfg. Co.) 


Impact Mill—Atrita. The feeder is Jet action in the reduction chamber breaks 

the roll type, depositing the coal on a “P the individual particles by imp^ and 

short belt. One of the pulleys is of the ^ 

magnetic type that deposits the ferrous 

foreign material in a pocket. The coal then drops to the first, or impact, stage of the 
mill, where the raw coal is broken down to a granular state. From the first stage, the 
coal passes to the attrition stage, with the coal in suspension in a high state of turbu¬ 
lence. After the coal is reduced in size, the suction fan draws the coal from the pul- 
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verizer section. Scoopnshaped rejector arms reject the heavier particles centrifugally 
and send them back for further reduction, while the finer particles are discharged to 
the burners. Refer to Figs. 17-20 to 17-22. 

Attrition Mills. The fluid-energy reduction mill effects the reduction of particle 
size by impact and attrition, as indicated in Fig. 17-23. Feed material entering the 
reduction chamber is entrained by the stream of circulating fluid, which may be either 
a gas or a vapor, or a combination of the two. Common fluids are compressed air and 
superheated steam. The jet action in the reduction chamber causes the material 
being reduced to break by impact and abrasion of particles against each other. Par¬ 
ticles are carried up and around to the classifier where centrifugal force shifts the larger 
particles toward the outer periphery. Part of the circulating fluid changes direction 
and flows out through the classifier vanes, carrying with it the particles small enough 
to be diverted by the viscous drag of the outgoing fluid. Because of their greater 
inertia, the larger particles are carried on down to the reduction chamber for further 
reduction. 

This type of mill has been applied to the pulverization of coals and other solid fuels. 
The mixtures of fluid and fuel in suspension have b(‘en transported to combustion 
chambers and burned successfully. Performances claimed are shown in Table 17-17. 


Table 17-17. Performances, Attrition-type Mill^ 

(Elastic fluid type. Feed material, Koppers Federal No 1 bitummous coal) 



Steam 

Air 

Size. 

4 mesh-0 

4 mesh-O 

Feed rate, lb/hr 

2,100-3,360 

1,200 1,880 

Steam consumption, Ib/ton 

Power consumption, hp/to i 

2,500-1,328 

285-22.5 

Particle-size analysis: 

On 48 mesh, cumulative per cent 

0-2 12 

0-3 4 

On 200 mesh, cumulative per cent 

0.24-10 00 

0-7 4 

On 325 mesh, cumulative per cent j 

1 00-10 00 

0 .50-15 0 


Note: Mill performances on lignites are somewhat better than those shown above. 

1 C. H. Wheeler Mfg, Co. 

PULVERIZED-COAL DISTRIBUTION 

Distribution Methods. ^ There arc four systems generally used in the distributing 
of pulverized coal, viz.: 

1. Bin system 

2. Direct-firing system 

3. Central pulverized-coal circulating system 

4. Direct-fired circulating system 

The advantages* and disadvantages of the bin system relative to the direct-fired 
or unit system have been discussed in the literature a number of times. Some of the 
outstanding features listed are as follows. 

Advantages of the Bin System. 

1. The coal may be pulverized at a constant rate independent of load and during 
off-peak hours. 

2. A breakdown of the pulverizing mill will not necessitate a shutdown, since ample 
storage space is availabfe. 

1 Sberban, D. V., Development and Application of Coal-pulverizing and Burning Ecpiipment for 
Industrial Furnaces and Steam Generation, Bull. 3-392, pp. 11-17, Babcock & Wilcox Co., New York, 
1946. (Adapted from report to the Federal Power Commission Natural Gas Investigation, Docket 
No. G-580.) 

* Gaffbrt, Gustav A., “Steam Power Stations,” 3d ed., p. 317, McGraw-Hill Book Company 
Inc., New York, 1940. 
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3. The mills can be set to pulverize at the most economical rate and at a constant 
degree of fineness. 

4. Wear on the mill does not affect fineness of coal or the capacity of the boiler. 

5. The boiler room may be kept clean. 

Advantages of the Direct-fired System. 

1. It is lower in cost for pulverizer equipment, since storage space or additional 
building is not required. 


Operating relief venf 

Relief \fahe — 

Primary cyclone ^ 
seoarator^ - * ' 




-^Vents 


Secondary 

cyclone 

separators 



Band W typed 
pulverizer 


^^hters 


□ \ 




\airinl0s 
'^Pulverizer fan 


Fio. 17-24. Bin system. {JThe Babcock & Wilcox Co.) 


2. No fire hazard is present owing to absence of pulverized-fuel storage in the boiler 
room. 

3. It is not necessary to dry the coal before it is fed to the mill. 

4. Even with greater variation in degree of fineness, the efficiency obtainable with 
the unit system and the same boiler is within the limits of test accuracy of the effi¬ 
ciency obtainable with the bin or storage system. 

Bin System. Figure 17-24 illustrates this type of system. Raw coal flows by 
gravity into an automatically controlled feeder which feeds coal to the pulverizer at 
the maximum rate the pulverizer is capable of grinding at specified fineness. Here 
the coal is dried, pulverized, and classified. The finished product is pneumatically 
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conveyed into cyclone collectors where approximately 98 per cent of the coal is sep¬ 
arated. The exhaust from the cyclones passes through bag filters or gas washers, 
and the air together with moisture vapor is vented to the atmosphere. The finished 
product from the cyclones and filter is discharged by gravity into a storage bin. From 
here, the coal is conveyed by pneumatic transport system through pipe lines to bins at 
points where it is used. A typical transport system is shown by Fig. 17-25. Pulver¬ 
ized coal from the bins is fed to the burners by special feeders and aerating devices, the 
rate of feed being controlled by the speed of the feeder. Generally speaking, the bin 
system is no longer being considered for new installations in the metallurgical industry 
or for steam generation, because the direct-firing system offers greater advantages in 
simplicity, cost of operation, and lower investment. 



Fig. 17-25. Direct-fired circulating system. Firing chemical retort furnaces and steam 
boilers as installed in 1944 at Stauffer Chemical Co., Bentonville, Va. Capacity 23,000,000 
Btu per hour. Length of line 008 ft. (Ffte Babcock & Wilcox Bull. No. 3-392.) 


Direct-fired System. The raw coal is metered through a raw-coal feeder, as shown 
in Fig. 17-26, to the pulverizer. Here the coal is dried by preheated air, pulverized, 
and classified. The fine coal is sent directly through pipes to the burners, with no 
intermediate storage of pulverized coal. 

Direct-firing installations are simple and efficient in operation, and the system is well 
adapted to automatic control. Within the last fifteen years practically all the 
pulverized-coal installations for steam generation have been of the direct-firing type; 
and, with the exception of a few cases in recent years, this also applies to the metal¬ 
lurgical and cement industry. 

Central Pulverized-coal Circulating System. A typical arrangement of this type 
is shown in Fig. 17-27. This system is comprised of a central preparation plant, from 
which the pulverized coal is distributed through a circulating line. The coal is sup¬ 
plied to various furnaces through take-offs and the rate controlled by valves. The 
surplus coal is returned to the central plant, where it is separated, the coal being dis¬ 
charged into the storage bin, and the air is induced to the system by the distributing 
fan, completing the cycle. 

This system was used extensively during the early application of pulverized-coal 
firing of metallurgical furnaces; but because of its inherent complications, it has been 
in many cases replaced by simpler systems, such as direct firing. 






Fig. 17-27. Central pulverized-coal circulating system. {Babcock <fe Wilcox Bull. No. 
3-392.) 


Direct-fired Circulating System. Figure 17-25 shows a typical installation of this 
type. This system consists of a preheated air supply, pulverizer, automatically 
controlled coal feeder, pulverizer fan, distributing lines, and control valves. Briefly, 
it is a modification of the direct-firing system in that it serves a plurality of furnaces 
that may be located in separate areas throughout a plant, with the coal supply to each 
independently controlled. 
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COAL-HANDLING EQUIPMENT 

Solid-fuel handling, of which coal handling occupies the position of major impor¬ 
tance, involves the transportation of the coal (whether delivered by truck, water, or 
rail) from the delivery point to storage, reclamation from storage, and thence to the 
combustion equipment. Because plant size largely governs the type of equipment 
used, the following data are grouped according to small, medium, and large plants. 
With such arbitrary groupings, there is some overlapping between these groups of 
equipment utilized. In general, it is advisable to handle the plant coal requirements 
in a maximum time of one shift of 8 hr, but it is more desirable to allow time for a 
possible breakdown repair to handle the coal in 4 to 6 hr. The shorter period also 
allows the personnel more time for operational duties. The final selection of the 
equipment should depend not only on the suitability of the machinery, but also on an 
economic study of the fixed and the operating costs to deitermine which of the alternate 
systems has the lowest total annual cost. In addition, ash handling is of major 
importance, and in some plants the coal and ash systems are closely integrated. 

Coal- and Ash-handling Construction Material.^ Beside corrosion, wear is the most 
important force in making metal articles unserviceable. For wear to occur, there 
must be penetration of the surface or displacement of particles at the surface; and, 
secondly, the displaced particles must be detached. Resistance to penetration or 
displacement of particles at a metal surface should increase with metal hardness; but, 
of two steels of equal hardness, the tougher one sometimes may resist wear better 
because it should be more difficult to detach misplaced tough particles than brittle 
ones. Hence, strength and toughness can both contribute to wearing properties. 

When the exposures involve pounding or heavy pressure, as in rock-crushing parts, 
the outstanding steel to defeat wear is Hadfield’s steel. This 12% manganese steel 
over pearlitic steels is illustrated by Hall, who gives results obtained in a small stone 
crusher using jaw plates 0 by 6 by 1 in. in reducing at least 20,000 lb of 34-in. blue 
traprock to dust as follows: 12% manganese steel, rate of wear 1.00; 0.20 to 0.30% 
carbon, 1.20; 1.40% manganese steel, rate of wear 7.26. 

In coal-tipple and conveyor chutes handling some 1,800 tons per hr, mild steel 
handled 1.1 million tons of coal, austenitic 14% manganese steel 1.5 million tons. 


Table 18-1. Life of Mild and Two-alloy Steels in Skip Liner^ 

(Plates, CrciKhton Mine No. 3 shaft) 



Approx 

Plate 

Tons 

Weight loss, 
Ib/sq ft/ 
10,000 
tons ore 

Relative 

Material 

Bnnell 

thickness, 

ore 

rates of 


baldness 

in. 

hoisted 

wear 


Lo\\er front side liners 


Mild steel ... 

170 

V2 

216,254 

0 304 

1 00 

SAE 2320 . . 

200 

H 

163,830 

0 205 

0 67 

(0.20% C, 3.5% Ni) SAE 3160 type . 

300 

V2 

333,911 

0 160 

0 53 


Lower middle side liners 


Mild steel. 

170 


216,254 

0 422 

1 00 

SAE 2320. 

200 

H 

163,830 

0 283 

0 67 

SAE 3160 type. 

300 

>2 

333,911 

0 204 

0 48 


1 French, Herbert J., Progress in Alloy Steels, Mining Met., pp. 336-339, Juno, 1948. 
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and the medium-manganese steel about 2.4 million tons. In ash hoppers in a power 
plant, cast-iron plates had a life of about 1 month, whereas }^-in. test plates of the 
1.75% manganese steel were still in usable condition after 8 months. 

When nonmetallic materials being handled are wet, corrosion may become a signif¬ 
icant factor in the wear rates and ultimate life. As shown in Table 18-1, when mild- 
steel liner plates were replaced with low-carbon 3.5 % nickel steel, a reduction of about 
one-third in the rate of deterioration was secured. Raising the carbon content and 
adding chromium along with the small amounts of nickel resulted in a further decrease 
in the rate of deterioration to about half that of mild steel. 

Small Plants 

Small plants, burning as low as a few tons per day, can economically utilize some 
form of mechanical handling. It must be remembered, where hard sustained work is 
involved, that a man is capable of only an average of Mo hp for an 8-hr day. Advan¬ 
tages of mechanical handling are: 

1. Improvement of working conditions by the elimination of hard labor and the 
attendant dirt 

2. Release of the personnel to operational duties 

3. Lower mechanical handling costs than manual handling costs 

Truck Service. In some smaller plants, where manual handling predominates, 
coal is dumped from the truck into basement bunkers. Hand wheelbarrows, manually 



Farguhor portable conveyor - No. 331-10 elected belt type - capacity 
I ton/min.-weight 3751b.- H.P.= I - belt length-lOft. - height of 
discharge 4'-6”. 

Fig. 18-1. Small portable conveyor application. 

loaded, distribute the coal to the boilers. There it is either hand-fired on grates or 
shoveled into hoppers feeding the stokers. Ashes are removed by a hand-operated 
hoist that lifts the filled ash cans to the street level. For truck service, see also 
Fig. 18-34. 

As the plant size increases, labor savings can be effected by the use of portable 
conveyors, as shown in Fig. 18-1. Wheelbarrows are loaded at the pile by the con¬ 
veyor. These are dumped on the conveyor at the stoker. The conveyor, weighing 
only 375 lb, can readily be moved from stoker to stoker. In the background is a 
single-chain bucket ash hoist. As the ashes are scraped from the ashpit, they are 
loaded into a wheelbarrow, which is dumped alongside the ash hoist. When the ashes 
have accumulated sufficiently, the portable conveyor is used to load the ash hoist, 
which discharges into the truck. While this system is laborsaving, there is still a 
good deal of dirt in the air and manual labor involved. 
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Railroad Service. Where the small plant is serviced by railroads, a portable con¬ 
veyor is useful for both stock pile and reclamation. Figure 18-2 shows such a con- 



Fiq. 18-2. Model 334-3, cleated-belt type. Capacity: 14-in. belt—90 tons/hr; 18-in. 
belt—120 tons/hr. Standard sizes (width X length): 14 in. X 20 ft, 14 in. X 25 ft, 18 in. X 
30 ft, 18 in. X 35 ft, 18 in. X 40 ft. 

veyor unloading a hopper bottom car (Farquhar Co., York, Pa.; Barber-Greene, 
Aurora, Ill.; and Jeffrey Mfg. Co., Columbus, Ohio). The coal drops on the feed end 

of the conveyor, travels up the conveyor, 
screened if desired, and is deposited on the 
stock pile. Flow is unsteady, and the con¬ 
veyor is alternately overloaded and part 
loaded. A ton or more of coal remains on 
the track to be hand-shoveled. The con¬ 
veyor averages hr for a 50-ton car. 
The small conveyor shown in Fig. 18-2 can 
be used to increase the stock pile. There are variations of this basic type. Manufac¬ 
turers differ as to size and capacity. Plain belts, cleated belts, or trough types are 
offered to handle various coal sizings. Other units are self-propelled. Where clean 




Fig. 18-4. Capacity of a car unloader rated at two capacities depending on the flight¬ 
line speed used. Low capacity is ^ to Ij^ tons of coal/min; high capacity is 1 to 2 tons/ 
min. Weight of power-propelled unit with gas drive is 3,840 lb; weight of same but with 
electric motor, 3,280 lb. Horsepower, 7.9 (gasoline engine) and 3 or 5 (electric motor). 
Minimum discharge height, 3 ft to center line of head shaft. 

coal is required, screens are placed on the discharge. These screens are either sta¬ 
tionary or the shaker type. 

Figures 18-3 and 18-4 illustrate an improvement that eliminates the alternate over¬ 
load and part load and clean-up disadvantages of Fig. 18-2. The car unloader (A. B. 
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Farquhar Co., York, Pa.; Barber-Greene Co., Aurora, III.) feeds the coal evenly to the 
conveyor and practically eliminates clean-up. At an average rate of 1 to 2 tons per 
min, a 50-ton car can be unloaded in 30 min to 1 hr. 

An additional advantage is the elimination of the fixed pit or track hopper under 
the track shown in Fig. 18-8. The car unloader also provides greater flexibility 
of location of the stock pile, since some models are not only portable but also 
self-propelled. 

Weigh Larries. Fundamentally a weigh larry is a plate-steel hopper suspended 
on scale irons, the whole being mounted on a truck which runs on tracks immediately 



Fig. 18-5. Beaumont-Biroh weigh larry capacity chart. To determine the capacity in 
tons per hour for a larry under a given condition, enter chart at “Length of average run,” 
go horizontally to speed of larry desired, then vertically to capacity of larry, then hori¬ 
zontally to outer right vertical line, then downward at 45°. Enter again at capacity of 
stoker hopper, run upward at 45° to intersection of other 45° line, then downward vertically 
to tons per hour. Example: L = 120 ft. Speed = 300 ft per min. Capacity = 1 ton. 
Stoker hopper =0.5 ton. Tons per hour = 32. Note: This chart is for 12- by 16-in. 
bunker gates and 12 by 18-in. larry discharge chutes. 

beneath the coal bunker and for the full length of the boiler room. The coal is drawn 
into the larry from the bunkers and then discharged to the stokers as needed. The 
capacity chart (Fig. 18-5) shows sizes ranging from 3^ to 20 tons, a wide enough 
range to fulfill requirements from the small industrial plant to the central station. 

To determine the capacity in tons per hour for a larry under given conditions, enter 
chart at ^‘Length of Average Run,'^ go horizontally to speed of larry desired, then 
vertically to capacity of larry, then horizontally to outer vertical line, then down¬ 
ward at 45 deg. Enter again at capacity of stoker hopper, run upward at 45 deg to 
intersection of other 45-deg line, then vertically downward to tons per hour. 

The weigh larry has a number of advantages that lend its use to multiple boiler 
firing, where the firing aisle is long. For instance, the long suspension bunker with 
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Table 18-2. Small-plant Equipment 


Coal consumed, 
ton8/24 hr 

Type of 
delivery 

Handling system 

Advantages 

Disadvantages 

0-5 

Truck 

Coal, wheelbarrow. 

Ash, hand hoist 

Low first cost 

High labor cost. Dirt 
in atmosphere 

6-10 

Truck 

Coal, small portable 
conveyor. Ash, sin¬ 
gle-chain bucket hoist 

Reduced labor cost. 
Higher capacity 

Dirt in atmosphere. 
Increased first cost. 
Equipment mainte¬ 
nance and breakdown 
possibility 

10-20 

Railroad 

Coal, conveyor to and 
from stock pile. 

Chutes in plant. 

Car, unloader plus 
conveyor 

Reduced labor cost. 
Higher capacity 

Dirt in atmosphere. 
Increased first cost. 
Equipment mainte¬ 
nance and breakdown 
possibility 

10-20 

Truck 

Coal, hopper to bucket 
elevator to silo. Ash, 
small car or hoist 

Reduced labor cost. 
Higher capacity. 

Dry coal storage, less 
dirt in atmosphere 

Increased first cost. 
Equipment mainte¬ 
nance and breakdown 
possibility 



Fig. 18-6. Beaumont-Birch coal weigh larry, two-ton capacity, motor driven. 
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its distributing machinery is unnecessary, and in its place a single bunker to load the 
larry is used. With this construction the discharge gates can be spaced at closer 
centers, eliminating the arching and dead coal troubles of the wider spaced gates of the 
suspension bunker. An accurate record is kept of all the coal consumed by each 
boiler, by means of a ticket recorder on the scale beam. Thus the efficiency of each 
boiler may be readily calculated. Stoker extension hoppers are added to the stoker 
magazines, and enough coal is added to the stoker in a few minutes to last for several 
hours. A larry distributes the coal over the full length of the stoker magazine, while, 
with spreader chutes, lumps separate from the fines and roll to the side of the stoker, 
which causes troublesome and inefficient firing in some stokers. Clogging of chutes 
is eliminated, as the operator is in a position to observe the discharge of each load. 




Fig. 18-7. Two-spiral conveyor applications to stoker feeding. 


In case of fire in the bunker, the operator can readily carry the smoldering coal to all 
the stokers, an obvious impossibility with the suspension bunker and chutes (Fig. 
18-6). For additional information on the weigh larry, consult the following manu¬ 
facturers: Beaumont-Birch, Philadelphia, Pa.; Stephens-Adamson Mfg. Co., Aurora, 
Ill.; C. O. Bartlett & Snow Co., Cleveland, Ohio; Gifford-Wood Co., Hudson, N.Y.; 
and others. 

Spiral conveyors having no return strand require a minimum of operating space 
and hence find application where space over bunkers is limited and where high capac¬ 
ities are not required. In smaller plants where bunker space is not available, the 
spiral conveyor can be used to carry the coal from a storage silo or from the elevator 
to the stoker hoppers, as shown in Fig. 18-7. By means of suitable slide gates or 
valves, the coal can be discharged at any point along the length of the conveyor. 

Maximum length of a spiral conveyor is dependent upon the strength or torque 
value of its pipe or couplings. For convenience in determination of the maximum 
length, the torque value of the various sizes of conveyors has been reduced to terms of 
horsepower at 100 rpm and is so listed in Table 18-3 in the last column. As horse- 
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power is a function of speed, the horsepower values at speeds other than 100 rpm are 
readily determined by direct proportion. Thus, at a speed of 50 rpm, the horsepower 
value of the pipe will be one-half m) the value at 100 rpm; at 150 rpm, it will be one 
and one-half {l}i) times that at 100 rpm, and so forth. 

Horsepower required to drive a spiral conveyor depends entirely on the nature of 
the material handled, and any general formula can be only approximately correct. 
However, the values obtained from the following formula, according to Jeffrey Mfg. 
Co., have been found to be very acceptable and may be depended upon for all ordinary 
work. 

„ L{AN + 2TF) 

— Tm — 

where T = capacity of conveyor, tons/hr 
L = length of conveyor, ft 
F material factor: 1.0 for coal, 2.0 for ashes 

A « hanger factor: 0.15 for babbitted hangers, 0.4 for hard-iron hangers 
N = speed of conveyor, rpm 

In determining the size of the motor, allow extra power to take care of losses of the 
driving equipment. Where inclined conveyors are used, allow sufficient power of the 
lift. Values in Table 18-3 are for steel conveyor handling coal and dry ashes. 


Table 18-3. Sizes, Capacities, and Horsepowers of Spiral Conveyors i 


Diam 

Con¬ 

veyor, 

in. 

Diam 

coup¬ 

ling 

shaft, 

in. 

Size 

of 

pipe, 

in. 

Coal 

Ashes 

Max 

hp 

of 

con¬ 
veyor 
at 100 
rpm 

Max 

uni¬ 

form 

size 

Max 

un¬ 

sized® 

Max 
capac¬ 
ity, 
cu ft 
/hrb 

Gauge 

flights 

Max 

speed, 

rpm 

Max 

uni¬ 

form 

size 

Max 

un¬ 

sized" 

Max 
capac¬ 
ity, 
cu ft 
/hr- 

Gauge 

flights 

Max 

speed, 

rpm 

1 

4-* 

1 

IK 

K 

32 

65 

16 

120 






1 5 

6 

IK 

2 

yz 

K 

215 

16 

115 

K 

IK 

21 

Ke 

33 

5 0 

9 

IK 

2 

K 

l/'Z 

710 

14 

105 

IK 

2K 

72 

^16 

32 

5 0 

9 

2 

2K6 

K 

IK 

710 

14 

105 

iK 

2K 

72 

K 

32 

10 0 

10 

2 

2 

K 

IK 

950 

14 

100 

IK 

2K 

100 

3^4 

31 

10 0 

12 

2 

2K6 

1 

2 1 

1,500 

12 

95 

2 

3 

160 

K 

30 

10 0 

12 

2K6 

3 

1 

2 

1,500 

12 

95 

2 

3 

160 

K 

30 

15 0 

12 

3 

3K 

1 

2 

1,500 

Ks 

95 

2 

3 

160 

K 

30 

25 0 

14 

2K6 

3 

IK 

2K 

2,.350 

Me 

90 






15 0 

14 

3 

3K 

IK 

2K 

2,350 

Ke 

90 

2>2 


240 

34 

28 

25 0 

16 

3 

1 3H 

IK 

3 

3,200 

Ke 

85 

3 

4 

340 

3^4 

27 

25 0 

18« 

3 

3K 

2 

3 

4,550 

1 ^4 

80 

3 

4K 

490 


26 

25 0 

20* 

3 

4 

2 

3^ 

5,900 

1 ^ 

75 


5 

650 

H 

25 

25 0 

20* 

3K« 

4 

2 

3K 

5,900 

H 

75 

3K 

5 

650 


25 

40 0 


1 The Jeffrey Mfg. Co. 

® Not more than 25 per cent of total. 

^ 38 per cent full. \ Capacities given are at maximum rprn uniform and continuous flow of material 

* 12H per cent full, f for 1 hr. 

Helicoid conveyor only. 

• Sectional conveyor only. 

Jeffrey recommends cast-iron conveyor. The values given above are given not as 
specific rules but as guides in good general practice wherein there are acceptable 
variations depending upon the nature of the material handled, nature of the service, 
power consumption, and the life of the conveyor. Conveyors handling coal are 
furnished with babbitted bearing hangers, and for ashes with hard iron bearing 
hangers, unless otherwise specified. 
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Medium Plants 

Track Hoppers, Grates. Grates are usually set over track hoppers to eliminate 
oversize or foreign material such as car stakes or mine props. Openings are set to 
pass maximum size desired. 

Track hoppers are usually made of steel plate with suitable stiffeners. Rail sup¬ 
ports are I beams designed for the particular loads expected. Where feeders are used, 
they are fastened to the bottom of the hoppers. When the hoppers are housed, care 
must be taken to ensure ample working clearance for the personnel. In some cases 
the hopper house is fitted with doors and the whole house heated to thaw out frozen 
coal (Fig. 18-8). 




Fig. 18-8. Long and square car hoppers. 

Feeders. Some form of feeder is usually attached to the bottom of the hopper. 
The feeder is necessary to ensure an even flow of coal to the crusher. The crusher 
then operates at maximum efficiency without over- or underload. Reciprocating 
plate feeders consist of a roller-supported plate oscillated by an eccentric drive (Fig. 
18-9). On the forward stroke, material is carried from the hopper. On the return 
stroke, the plate slides back under the material, which then falls down through open¬ 
ing E, This feeder is simple in construction and operation. Rate of flow is changed 
by varying the speed, the throw, or the size of the opening from the hopper. Very 
little headroom is required. 

Another common feeder is the apron shown in Fig. 18-10. These are made of 
overlapping steel pans mounted on roller chains for light and heavy duty. When 
the feeder is inclined upward, depth of excavation is saved. This type has a dis¬ 
advantage in that the pit has to be cleaned periodically because wet coal particles 
cling to the plates and drop off on the return. 

Coal crushers are made in a number of types by Stephens-Adamson, Link-Belt, 
Bartlett-Snow, Pennsylvania Crusher Co., and others. In general, these types 
consist of the crushing roll, the swinging hammer, and the revolving drum or Brad¬ 
ford breaker. For further descriptive material, see Coal Crushers. To ensure 
smoother crusher operation and uniform sizing, some form of feeder should be used. 
The reciprocating feeder, the simplest variety, gives a pulsating flow which two such 
feeders, operating alternately, tend to smooth out. The apron feeder gives a much 
smoother feed. If the crusher is placed under the feed hopper with no feeder, there is 
always the danger of choking the crusher or flooding the conveyor under the crusher. 

Coal-distributing Machinery. The coal, after being crushed, must be elevated and 
distributed to storage or to the stokers. Plant arrangement and capacity dictate the 
type of equipment to be used. 

Skip hoists are manufactured by Bartlett & Snow, Stephens-Adamson, Beaumont- 
Birch, and others. Essentially this type of equipment consists of a single bucket or 




610 


HANDLim AND STORING SOLID FUELS 



Fig. 18-9. Stephens-Adamson reeiprooating plate feeder. 


Width 

outside, 

A, in. 

Length of 
reciprocating 
plate, C, 
ft and in. 

Depth of 
skirt plate, 
B, in. 

Capacity, 
tons per 
hour 

Maximum 

opening, 

E, m. 

Length of 
skirt plate, 
G, ft and m. 

Horsepower 

required 

14M 

4— 8 

12 

23 

17 

5— 9 

^ to 1 

14H 

5— 3 

18 

34 

25 

7— 0 

?4 to m 

IQH 

4— 8 

15 

32 

21 

6— 2 

^4 to 13^2 

IQH 

5— 3 

18 

39 

25 

7— 1 

^4 to 2 

22H 

5— 3 

18 

53 

25 

7— 4 

1 to2H 

22H 

6— 6 

24 

71 

34 

9— 4 

1to 3 

28H 

5— 3 

18 

68 

25 

7— 7 

1>2 to 3 

2SH 

6— 6 

24 

90 

34 

9— 7 

2 to 4 

28H 

7— 8 

30 

112 

42 

11— 5 

2K to 5 

34II 

6 _. 6 

24 

no 

34 

9—10 

2H to 5 

34H 

7— 8 

30 

135 

42 

11— 8 

3 to 6 

34H 

8—11 

36 

165 

51 

13— 8 

3K to 7 

40H 

6— 6 

24 

130 

34 

10— 1 

3 to 6 

40H 

7— 8 

30 

160 

42 

11—11 

3>^ to 7 

40H 

8—11 

36 

193 

51 

13— 1 

4 to 8 


Capacity 
apron feeders 


F0ed ngufating grate 


Width Capacity 

pan 

t p h 

18" 

18 


24" 

25 


30" 

31 


36" 

40 


42" 

49 


48 

55 

- /T 

s 

Replaceable 

M 

''’XL 

breaker 



plates - " ' 

H 

h 

Main -4 


1'? 



drive 

shaft 

Rollon^ 
swinging 
radius 
arm shown 
in •'our 
position 



Second stage grinding teeth 
First stag's slugging teeth 

^Regulating crank 
Fixed roll 

- - Spring arms regulate size of product and allow roll 
to pass tramp iron 


^Rotiin "crushing^position 


Crusher 


Fig. 18-10. Stephens-Adamson apron feeder and two-stage crusher. Diagram shows the 
two-stage action, in which the niaterial is given a primary breaking followed by the final 
sieing. The lower roll is mounted on swinging radius arms and its position can be varied 
to regulate the size of final product. , Relief springs enable the roll to open to pass tramp 
iron, etc. 
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balanced buckets, cable, sheaves, guides, and hoisting equipment. The construction 
is simple, and operation and maintenance costs are low. Control is either manual or 
automatic. Only a small ground area is required, but the pits at the receiving end are 
usually deep and the headroom required is high. As shown in Fig. 18-11, the coal- 



Fiq. 18-11. Application of Bartlett-Snow skip hoist to plant of medium size. This 
system has both the coal and ashes stored in the same hopper—separation is effected by a 
diversion gate and a partition. In the figure the skip bucket, after having lifted the 
hinged cover, is shown discharging ashes into the bunker. The skip bucket is shown 
dotted in the alternate loading positions—for the coal and for the ash. Ashes are charged 
into a hand ash cart that is rolled over to the skip bucket, and unloaded. Coal is charged 
into the skip hoist from the track hopper and gate. 

and ash-handling systems are closely integrated. Coal from the rail hopper is 
elevated to the bunker by a skip hoist. From the bunker the coal is distributed to the 
stokers by a traveling weigh larry. Small cars in the basement collect the ashes, 
which are dumped into the coal skip hoist. The ashes are elevated and dumped into 


Table 18-4. Equipment per Rated Boiler Plant Horsepower^ 


Rated 
installed 
boiler hp 

Coal con- 
sumi)tion, 
tons /24 hr 

Skip 
bucket, 
cu ft 
capacity 

Approx 

capacity, 

tons/hr 

Capacity, 
tons/4 hr 

Storage 

bunker, 

tons 

Larry size 

Refuse pro¬ 
duced, tons** 
/24 hr 
(15% of 
coal) 

1,000 

36 

30 

25 

100 

75^ 

1,000 lb 

5.40 

1,500 

55 

30 

25 

100 

75* 

1,500 lb 

8.25 

2,000 

73 

30 

25 

100 

100 

1 ton 

11.00 

2,500 

91 

40 

35 

140 

125 

1 ton 

13.60 

3,000 

* no 

40 

35 

140 

150 

1 ton 

16.50 

4,000 

146 

60 

50 

200 

200 

2 tons 

21.90 

5,000 

183 

60 

50 

200 

250 

2 tons 

27.20 


1 Bartlett & Snow. 

“ This figure is purposely high to act as a factor of safety. 

^ All figures are calculated for an average bituminous coal with average ash content. Allowances 
must be made for those coals whose Btu content is low, ash content is high. With railroad delivery, 
bunker should hold more than one carload. Bunkera marked may be smaller if truck delivery is used. 
Capacity figures are for 80-ft lift. If the lift is other than 80 ft, see Fig. 18-12. 
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a partition of the coal bunker, segregation from the coal being effected by a diversion 
gate at the top of the bunker. Ash chutes deposit the ashes into railway cars when 
desired. Yard storage can be secured by depositing the coal in a chute from the 
bunker and reclaiming with a portable conveyor which dumps the coal back into the 
rail hopper. 

Bucket Elevators. The centrifugal discharge elevator consists of malleable iron or 
steel buckets spaced at regular intervals on a single chain with the usual construction. 
The buckets receive their load partly by scooping from the bottom and partly through 
a loading leg (see Fig. 18-13). The feed point is lower, loading is simpler, speeds are 
higher, and fewer buckets are required than for continuous types; consequently, the 
centrifugal types are less costly. Buckets are operated at sufficient speed so that 



Tons per hour 

Fig. 18-12. Capacity chart for Bartlett- 
Snow skip buckets handling coal weighing 
60 Ib/cu ft. Cable speed 100 ft/min. 


Table 18-6. Bucket Speeds and Head- 
wheel Diameters^ 


Head- 

wheel 

diarn, 

in. 

Spaced 

buckets 

Head- 

wheel 

diam, 

in. 

Spaced 

buckets 

Rpm 

Fpm 

Rpm 

Fpm 

15 

50 2 

197 

42 

32 0 

352 

18 

46 3 

218 

48 

30 1 

378 

20 

42 8 

225 

54 

28 4 

402 

24 

41 4 

260 

60 

27 0 

424 

26 

40 0 

272 

66 

25 8 

445 

30 

38 2 

300 

72 

24 7 

465 

36 

34 3 

323 





Note; Averages for good centrifugal discharge 
and good bucket pickup. 

1 Stephens-Adamson. 


they are discharged by centrifugal force as they pass over the head wheel. If the 
speed is too high, the effect of the increased centrifugal force is to throw out the coal 
too early so that some may fall down the elevator log. If the speed is too low, gravity 
takes hold and the coal spills onto the head wheel and causes it to back-leg. It is 
evident that in this type of elevator the relationships of head-wheel diameter, speed, 
and bucket spacing must be carefully considered (see Table 18-5). 

The 'perfect discharge” is similar to the centrifugal except that the buckets are 
usually mounted between two chains making a sturdier construction. Just under the 
head wheel are mounted snubbing sprockets (Fig. 18-13), the slight impact of which, 
combined with the upending action, is sufficient to empty the bucket cleanly of 
sticky material such as wet coal. Since the speed is slower, the buckets are spaced 
closer or made larger than the centrifugal type, in order to secure the same capacity. 

The continuous bucket elevator delivers good capacity at but 60 per cent of the speed 
(maximum 150 fpm) of the spaced buckets and will handle larger lumps than the two 
previously mentioned types. These buckets are so shaped that, as they pass over the 
head wheel, the discharging bucket utilizes the flanged back of the preceding bucket 
as a chute to place the material in the discharge hopper. This type is not designed 
for digging and must have a loading leg and hence requires greater headroom and a 
deeper boot than the spaced bucket. The boot must have cleanout doors to take care 
of coal dropped in the feeding (Fig. 18-14). This type of elevator can be operated 
either vertically or inclined or with single or double chain, depending on the capacity. 
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Centrifugal 

discharge 



bucket 



Type A bucket 


Type A-A bucket - 
reinforced lip 


(a) 



Perfect 

discharge 



(b) bucket 


Fig. 18-13. a. Spaced bucket elevators, h. Continuous-bucket elevators. (^Stephens-- 
Adamson Mfg. Co.) , 

/ 

The supercapacity continuous bucket elevaior handles the largest capacity of heavy 
lump material, such as run-of-mine coal. To reduce impact and wear in the presence 
of heavy loads, the speeds are comparatively low, 150 fpm. These elevators are 
generally operated at inclines of 35 to 70 deg for optimum loading and discharge 
conditions but can be operated vertically. 
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(a) Spaced buckets receive part of load directly^ 
and part by scooping from the bottom 


Bucket Size. The size of the bucket depends on the capacity required. The 
presence of lumps will usually dictate larger sized buckets. In the design of the 
elevator, care must be taken to allow for sufiicient capacity to take care of peak loads. 
If such peaks do occur in an elevator of insufficient capacity, flooding of the boot 
occurs, which might result in injury to the chain or the drive. It must be noted that 
bucket capacity is given for the bucket level full. Since it is usually impossible to 

fill the bucket in actual practice, allowance 
should be made for this loss in capacity in 
the design of the elevator. Since one 
side of the elevator has the buckets 
loaded, and the other empty, some feature 
of the mechanism must be included to 
prevent this unbalanced weight from 
reversing the travel when the power is 
off, flooding the boot and causing diffi¬ 
culties on the next start. Usually some 
form of solenoid-opc^rated brake or a 
pawl and ratchet is used to prevent the 
back travel. Because of the large variety 
of standard buckets available, no attempt 
will be made to list them. 

Casing. Manufacturers have available 
a large number of standard elevators. 
Where it is desirable to confine dust, 
catch or return back-legged material, 
guard the buckets, or in some cases sup¬ 
port the drive for moderate-length ele¬ 
vators, steel casings in standard lengths 
are available. Inspection doors should 
be provided to allow the operator to 
tighten buck(;t bolts, check the loading, 
observe if any material is sticking to the 
return buckets (which decireases the 
capacity), and inspect the buckets and 
chain for wear. 

Loading Boots. Boots with take-up 
bearings are good practice. This take-up 
enables the operator to maintain the 
proper chain tension to eliminate any 
chain whip. Where the buckets are fed 
from a loading leg only, cleanout doors 
must be provided so that material that 



(b) Continuous-buckets are filled as they pass 
through loading leg, with feed spout above 
tail wheel 



(c) Continuous-buckets in bottomless boot, with 
clean-out door 

Fig. 18-14. Bucket-elevator loading boots. 
(Stephens^Adamson Mfg. Co.) 


drops from the buckets may be periodically removed (Fig. 18-14). 

Horsepower required should always be calculated for the maximum capacity to 
which the buckets can be loaded and the next largest motor chosen. The following 
formulas, according to Stephens-Adamson Mfg. Co., include normal drive and pickup 
losses for vertical and slightly inclined elevators. 


TH 

Spaced buckets and digging boots, hp ~ 

TH 

Continuous buckets with loading legs, hp — Yen 

OOU 
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where T = tons/hr 

H = vertical lift, ft 

For capacity, horsepower required, typical arrangements, standard accessories, 
working dimensions, clearances, and weights, see catalogues of Stephens-Adamson 
Mfg. Co., Aurora, III; The Jeffrey Mfg. Co., Columbus, Ohio; Link-Belt Co., Phila¬ 
delphia, Pa.; The C. O. Bartlett & Snow Co., Columbus, Ohio; Beaumont-Birch Co., 
Philadelphia, Pa.; and others. 



Pivoted bucket carriers consist of round-bottom bu(^kots pivot-mounted on long 
pitch chains equipped with small wheels or rollers. Those wheels run on a track and 
hence carry the bucket. Sin(;e the bucket is pivoted above its center of gravity, it 
always tends to remain level whether on a vertical or horizontal run. Thus, in the 
same piece of apparatus the coal is both conveyed and elevated (Fig. 18-15). Because 
of the nature of the bucket suspension, it must be loaded and discharged on a hori- 


Table 18-6. Capacities of Pivoted Bucket Carriers (Peck Type)i 


Bucket 

pitch X width, 
in. 

Pitch of 
chain, in. 

Capacity of 
bucket, cu ft 
level full 

Capacity, 
tons of 
coal/hr** 

Speed, 

fprn 

18 X 15 

18 

0.74 

15- 20 

30-40 

18 X 18 

18 

0 89 

20- 25 

30-40 

18 X 21 

18 

1.04 

25- 30 

30-40 

24 X 18 

24 

1 55 

35- 45 

40-50 

24 X 24 

24 

2 08 

50- 60 

40-50 

24 X 30 

24 

2.55 

60- 75 i 

40-50 

24 X 36 

24 

3.09 

70- 90 

40-50 

30 X 24 

30 

3 65 

80-105 

45-60 

30 X 30 

30 

4 55 

95-130 

45-60 

30 X 36 

30 

5 47 

115-155 ' 

45-00 

36 X 36 

36 

8 00 

160-255 

50-80 


1 Link-Belt Co. 

° Capacity based on 80 per cent actual capacity of buckets. 
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2 ontal run, which necessitates four corner sprockets. In order to discharge the bucket, 
some form of stationary or moving tripper is used. Because of the positive nature of 
the discharge, both coal and ashes can be handled on the same system. In order to 
avoid spillage at the loading points, the buckets are equipped with overlapping edges, 
so that the material cannot fall between buckets. Since the speeds are low (30 to 80 
fpm, depending on the size of the buckets) and the construction heavy, these units 
run relatively trouble-free and have relatively long life but are higher in first cost 
than the other bucket types. Power required is lower than that required for any 
other bucket type and is dependent on the size and arrangement. 



Fig. 18-16. Beaumont-Birch V-bucket gravity-discharge elevator conveyor. Various 
arrangements. 


The V-hucket carrier gravity discharge consists of V-shaped buckets firmly fastened 
to a double chain which carry the coal (crushed or lump) up vertical or inclined runs 
and push it in a trough on the horizontal run. This type of equipment will load at 
any point on a horizontal run or from a loading boot (Fig. 18-16), and discharge is 
effected on the horizontal run through openings in the trough. Because of the 
higher speed (100 to 120 fpm) the V bucket has greater capacity than the pivoted 
bucket. However, this type cannot discharge over a head wheel but only on a 
horizontal run. It consumes more power on a horizontal run than any other bucket 
type and because of the sliding action is not suitable for ash handling. 


Table 18-7. Capacity of V-bucket Gravity Discharge^ 


Size of 
bucket, in. 

Gauge 
of plate 

Weight of 
bucket, lb 

Capacity 
of coal, lb 

Water 
capacity, 
cu in. 

Net coal 
tons/hr a 

Bucket SI 

27 

capacity, 
t 100 fpm 

>acing, in. 

36 

1 

16 X 16 

No. 10 

26 

30 

1,024 

40 

30 

16 X 20 

Ke in. 

43 5 

37 5 

1,280 

50 

35 

20 X 20 

He, in. 

50 

58 

2,000 

75 

60 

20 X 24 

He in. 

60 

1 

70 

2,400 

90 

70 


1 Beaumont Birch 
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‘‘Zipper” enclosed-belt conveyor elevator (Fig. 18-17) folds the specially built belt 
around the material to be handled and locks it into a completely enclosed tube by 
means of a zipper at the top of the belt. Material is then distributed with no leakage 
or dust. Along the carrying run, the teeth are locked together and can be pulled 
apart only by greatly distorting them. At feed and discharge points, the teeth are 



Fig. 18-17. Zipper enclosed-belt conveyor elevator. {Stephens-Adamson Mfg, Co.) 

spread apart by the action of the rollers, so that they lock and unlock freely and with 
little friction. For shapes of conveyors involving horizontal or sloping runs, the horse¬ 
power requirements are similar to belt conveyors. For elevating, the horsepower is 
only slightly more than that required to overcome gravity and is therefore lower than 
most types of elevators. Information as to applications, sizes, capacities, and clear¬ 
ance can be secured from the Stephens-Adamson Mfg. Co., Aurora, Ill. 



Belt conveyor Bucket elevator Screw conveyor Redler 

Fig. 18-18. Comparative space required for various types of conveyors of the same 
capacity. {Stephens--Adamson Mfg. Co.) 

Flight Conveyors. There are two general types of flight conveyors, the skeleton 
and the solid or scraper. The skeleton or Redler type conveys and elevates by mass 
action (Figs. 18-18 and 18-19) which moves pulverized or small lump material hori¬ 
zontally, vertically, on incline, or around bend corners. This action takes place in 
a totally enclosed dust-tight casing of very compact design that permits large tonnages 
to be handled in small spaces. Because of the choke-feed or self-feeding action the 
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Discharge points 
to fit! si to - - - ^ 



, Discharge point 
/ to fHi stoker 


Track hopper 
feed point 

\ point ^ 


^ - Feed points from 
si to storage to 
stokers 


Fig. 18-19. Storing and reclamation system. Coal is dropped into the track hopper where 
the conveyor carries it either to the stoker spout or into the silo which allows the coal to bo 
carried to the stoker chute. 



Fig. 18-20. Redler capacity chart. Example: Enter weight chart at 17 tons/hr and move 
upward to diagonal indicating coal at 50 Ib/ft*. Move horizontally into volume chart 
indicating 12 ft®/min. The line is continued until the diagonal “Elevators-—granulated 
material,” where it drops vertically to the diagonal “7-in. conveyor or elevator” in the 
size chart. Then left to the recommended speed of 50 fpm. The same procedure shows a 
9-in. size at 35 fpm or a 5-in. size at 90 fpm. {Stephena-Adamson Mfg. Co.) 

casing takes on a load to fill it and no more, eliminating the need for separate feeders. 
The deep pits that some types of elevating equipment require are not necessary, only 
enough room for gravity feed. Sizes vary from the 3 in. up to large units handling 
hundreds of tons per hour. Discharge can be effected on either the vertical or hori¬ 
zontal run, as indicated in Fig. 18-19. For capacity see Fig. 18-20. 
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The skeleton flights or links are detachable and are designed so that the connecting 
joint is flexible enough to move readily around corners. There is no friction of metal 
against metal in the carrying run, as the material being conveyed and elevated com¬ 
pletely surrounds the flight and forms a cushion between the flight and the casing. 
The amount of metallic contact of the nunainder of th(^ run depends on the installation 
arrangement. 

Information concerning Redler applications, clearances, dimensions, etc., may be 
secured from the Stephens-Adamson Mfg. Co., Aurora, Ill. 

Scraper Type, Two types are in general use, the single chain and the double chain. 
The single chain is used generally for crushed coal; the double chain will handle run- 
of-mine of quite large lumps (Fig. 18-21). A vertical plate, fastened to the chain, 
moves along a trough and drags the coal along the trough. Discharge is effected by 
means of gate-operated openings in the trough. This type is rugged and will work 
under conditions of weather and lack of operational care that would be damaging to 
the belt conveyor. Where the headroom is lacking for a belt tripper, the flight con- 


Table 18-8. Sizes, Capacities, and Horsepowers of Flight Conveyors^ 


laight 

Lumps" 

Horsepower*' 

Capacity, tons of coal/hr 

Type 

Max 

Avg 

Anthra¬ 

cite 

Bitumi¬ 

nous 

Anthracite 

Bitumi¬ 
nous at 
30° 

Hori¬ 
zontal 
to 27 

at 30° 

10 X 

4 

3 

1>2 

3 0 


30 

23 


Single-strand flight con- 

10 X 

4 

3 

1>2 

3 5 


30 

23 


vcyor, using malleable- 

12 X 

5 

3K 

m 

4 0 


46 

35 


iron flights; for anthra- 

12 X 

5 



4 5 


46 

35 


cite coal 

15 X 

5 

4 

2 

5.0 


62 

47 



10 X 

4 

3 

IH 

2 5 

3 7 

30 

23 

30 

Single-strand flight con- 

10 X 

4 

3 

VA 

3 0 

4 2 

30 

23 

30 

veyor, using straight or 

12 X 

5 

VA 

m 

3 6 

5 3 

46 

35 

46 

curved flights with mal- 

12 X 

5 

31^ 


3 7 

5 4 

46 

35 

46 

leable-iron wearing shoes 

12 X 

5 

3>2 

1^4 

4 1 

5 8 

46 

35 

46 


15 X 

6 

4>2 

2 A 

5 9 

8 4 

67 

50 

67 


15 X 

6 

4H 

2A 

5 4 

7.9 

67 

50 

67 


18 X 

6 

5 

2H 

6 8 

9 8 

80 

60 

80 


18 X 

6 

5 

2H 

6.2 

9 3 

80 

60 

80 


14 X 

6 

4M 

2H 

3 9 

6 3 

60 

45 

60 

Single-strand flight con¬ 

19 X 

8 


3 

6 3 

10.6 

100 

75 

100 

veyor, using steel flights 










carried by rollers 

16 X 

8 

8 

4 

7 6 

11 6 

110 

95 

110 

Double-strand flight con¬ 

16 X 

8 

8 

4 

7 9 

11 9 

110 

100 

110 

veyor using steel roller 

20 X 

10 

10 

6 

10 8 

17 2 

170 

150 

170 

chain with steel flights 

20 X 

10 

10 

6 

10 3 

16 7 

170 

140 

170 


24 X 

10 

12 

8 

12 5 

20 0 

200 

180 

200 


24 X 

10 

12 

8 

11 9 

19 5 

200 

165 

200 


30 X 

12 

14 

10 

17 0 

28 4 

300 

260 

300 


30 X 

12 

14 

10 

10 3 

27 6 

300 

260 

300 


36 X 

12 

16 

12 

20 0 

33 6 

360 

315 

360 


36 X 

12 

16 

12 

19 3 

33 0 

360 

315 

360 



Note: Chain speed 100 fpm. 

1 Link-Belt Co. 

« Maximum lumps not to exceed 10 per cent of total volume. 

** Horsepower at head shaft, based upon coal at listed capacities, for 100-ft horizontal-center conveyors. 
Horsepowers for inclines are figured separately. Add 15 per cent for each cast-tooth gear reduction 
and 10 per cent for each cut-tooth gear reduction. 
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veyor has the advantage because of its small height. Also, the flight can operate 
from the horizontal up to 45 deg of incline. Because of the scraping action, the 
flight consumes more power than the belt conveyor, and there is wear of the trough 

because of the scraping. 

The belt conveyor has few moving 
parts, involves a minimum of friction, and 
requires less power than any other type 
of power-driven conveyor. The only 
relative motion between the coal and the 
belt is on loading and discharge, provided 
that the belt is not inclined over 15 to 20 
deg so that there is a minimum of wear 
and maintenance. Because of their small 
height, with the exception of the belt 
tripper, only a small amount of headroom 
is required. The belts come in a variety 
of widths and can be operated at a variety 
of speeds, and a wide variety of capaci¬ 
ties is therefore available. They are 
especially well suited to large capacity 
and long-distance conveying and hence 
find wide application in central-station coal handling. 

Belt conveyors must not be operated at too steep an incline or the material will slide 
back, causing belt abrasion. Temperatures above 150°F cause excessive shrinking, 
burning, and deteriorating of the belt. Continued exposure to sunlight will also cause 
deterioration, as well as extremes of heat and cold. The belt should also be kept free 
of grease and oil because the ordinary belt cannot resist their action. C/arc should 
be taken that the pulleys are accurately aligned, for misalignments throw the belt to 
one side or the other, causing side fray of the belt. Coal 
should not be allowed to fall on the top of the return belt, 
as it then is crushed between the belt and the pulley, 
causing rapid wear or in extreme cases cutting or piercing 
of the belt. 

Maximum Inclines for Belt Conveyors, The maximum 
slope at which a belt conveyor can handle coal depends on 
the condition of the material, the size and shape of the 
particles, and the method of loading. Large lumps can 
be carried up steeper slopes if they are embedded in 
sufficient percentage of fines. A uniformly loaded belt 
will carry up a steeper incline than an intermittently 
loaded belt, as the uniform load tends to steady the belt and prevent backsliding. 

Belt Material and Selection. The carcass of the belt consists of plies of high-grade 
canvas embedded in rubber. Depending on the material being handled, the rubber 
cover protecting the carcass can be made of various thicknesses. Since the belt 
represents about 40 per cent of the installation investment, extreme care must be 
exercised in the selection of the proper width, speed, thickness, and cover. Also, the 
belt IS the element that handles the material and is usually the only item requiring 
renewal. In order to have sufficient tensile strength to pull the fully loaded belt, the 
cross section must be designed with a sufficient number of plies of canvas. On the 
other hand, belts containing too many plies will not trough readily, and without 
proper troughing the belt does not train properly. Excess belt thickness produces high 
bending stresses where the belt travels around the end pulleys, and this tends to 


Table 18-9. Maximum 
Angle of Incline for Belt 
Conveyors^ 


Fuel Deg 

Coal, anthracite. 16 

Coal, briquettes. 12 

Coal, domestic size. 18 

Coal, run-of-mine. 18 

Coal, slack. 20 

Coke, run-of-oven. 18 

Coke, screened. 18 

Coke, breeze . 20 


^ Stephens-AdamsOn Mfg. 
Co. 


Roiler 


...T- 



,,••Flight 




[- - Trough 


Fig. 18-21. Single-strand flight conveyor. 
This type uses steel flights carried on rollers 
that keep the flight from touching the 
trough where the coal is conveyed. 
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Table 18-10. Minimum Belt Widths for Lumj>s and Recommended Idler Spacin^^ 


Width 

of 

belt, in. 

Type 

of 

carry¬ 

ing 

idler 

35-lb material 

50-lb material 

75-lb material 

Spacing 
return of 
idlers* 

Type 

Idler 

spac¬ 

ing 

Sized, 

in. 

Un¬ 

sized, 

in. 

Idler 

spac¬ 

ing 

Sized, 

in. 

Un¬ 

sized, 

in. 

Idler 

spac¬ 

ing 

Sized, 

in. 

Un¬ 

sized 

in. 

41 

71 


40 

5'6" 

2 

3 

6'6" 

2 

3 

5'0" 

2 

3 

10 

10 

14 

80 

5'6" 

2 

3 

5'6" 

2 

3 

6'0" 

2 

3 

10 

10 


70 

5'6" 

2 

3 

5'6" 

2 

3 

5'0" 

2 

3 

10 

10 


40 

5'6" 

2H 

4 

5'6" 

2H 

4 

5'0" 

2H 

4 

10 

10 

16 

80 

5'6" 

2>2 

4 

5'6'' 

2H 

4 

5'0" 

2H 

4 

10 

10 


70 

5'6" 

2>2 

4 

5'6" 

2H 

4 

5'0" 

2 Pa 

4 

10 

10 


40 

5'6" 

3 

5 

5'6" 

3 

5 

5'0" 

3 

5 

10 

10 

18 

80 

5'6" 

3 

5 

5'6" 

3 

5 

5'0" 

3 

5 

10 

10 


70 

5'6" 

3 

5 

5'6'' 

3 

5 

5'0" 

3 

5 

10 

10 


40 

5'6" 

3H 

6 

5'6" 

3H 

6 

5'0" 

3K 

6 

10 

10 

20 

80 

5'6" 

3H 

6 

5'6" 

3H 

6 

5'0" 

3H 

6 

10 

10 


70 

5'G" 

3H 

6 

5'6" 

3H 

6 

5'0" 

3H 

6 

10 

10 


40 

5'6" 

4H 

8 

5'0" 

4K 

8 

4'6" 

4H 

8 

10 

10 

21 

80 

5'6" 


8 

5'0" 

4M 

8 

4'6" 

4H 

8 

10 

10 


70 

5'6" 

4^i 

6 

5'0" 

4K 

6 

4'6" 

4H 

6 

10 

10 


40 

5'0" 

7 

12 

4'6" 

7 

12 

4'0" 

7 

12 

10 

10 

30 

80 

5'0" 

7 

10 

4'6" 

7 

10 

4'0" 

7 

10 

10 

10 


70 

5'0" 

7 

8 

4'6" 

7 

8 

4'0" 

7 

8 

10 

10 


40 

5'0" 

8 

16 

4'6" 

8 

16 

4'0" 

8 

16 

10 

10 

36 

80 

5'0" 

8 

14 

4'6" 

8 

14 

4'0" 

8 

14 

10 

10 


70 

5'0" 

8 

8 

4'6" 

8 

8 

4'0" 

6 

6 

10 

10 


40 

4'6" 

10 

20 

4'6" 

10 

20 

4'0" 

10 

17 

9 

9 

42“ 

80 

4'6" 

10 

12 

4'6" 

10 

12 

4'0" 

10 

12 

9 

9 


70 

4'6" 

6 

6 

4'6" 

6 

6 

4'0" 

6 

6 

9 

9 


40 

4'6" 

12 

24 

4'0" 

10 

20 

3'6" 

10 

17 

9 



80 

4'6" 

12 

12 

4'0" 

10 

10 

3'6" 

8 

10 


8 

48" 

70 

4'6" 

6 

6 

4'0" 

6 

6 





8 


59 

4'6" 

12 

24 

4'0" 

12 

24 

4'0" 

12 

24 

10 



40 

4'0" 

12 

24 

4'0" 

10 

20 

3'6" 

10 

17 

9 


54'» 

59 

4'0" 

13 

26 

4'0" 

13 

26 

4'0" 

13 

26 

AlO 



40 

4'0" 

12 

24 

4'0" 

10 

20 




9 


60'‘ 

59 

4'6" 

14 

28 

4'6" 

14 

28 

4'6" 

14* 

28 

AlO 



1 Link-Belt Co. 

" Larger lumps can be carried at less than normal belt speeds, or somewhat narrower belts may be 
used at reduced capacity or higher speed. 

A Use type 60 return idlers. 

Unsized material: 90 per cent less than maximum size shown; 75 per cent not larger than one-half 
maximum. 

separate the piles or even break the outer plies. However, sufficient plies must be 
designed into the belt to prevent sagging between the idler pulleys. 

The belt must be loaded in such a fashion that impact and abrasion are reduced to a 
minimum. The ideal way is to have the material move in the same direction as the 
belt and at the same speed of the belt at the loading point. These conditions will not 
damage the belt. It is important that the belt train properly; t.c., the belt must be 
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Table 18-11. Capacities for Various Belt Widths, Speeds, and Material^ 

(In tons per hour) 


Width 

Weight 
/cu ft 

Belt speed, fpm 

Cross 

section 

Cu ft 

belt, in. 

of 

material 

100 150 

200 

250 

300 

350 

400 

450 

500 550 

600 

of load, 
sq ft 

100 fpm 


35 

11 17 

23 

28 

34 








14 

50 

10 24 

32 

41 

49 






0 108 

648 


75 

24 37 

49 

61 

73 









35 

15 22 

29 

37 

44 








16 

50 

21 32 

42 

53 

63 

1 





0 140 

840 


75 

31 47 

63 

79 

94 









35 

19 28 

38 

47 

57 

66 

76 

! 





18 

50 

27 41 

54 

68 

81 

95 

108 




0 180 

1,080 


75 

40 61 

81 

101 

121 

142 

162 







35 

24 35 

47 

59 

71 

83 

94 






20 

50 

34 51 

67 

84 

101 

118 

135 




0.225 

1,350 


75 

51 76 

101 

127 

152 

177 

202 







35 

35 52 

70 

67 

105 

122 

140 

157 

175 




24 

50 

50 75 

100 

125 

150 

175 

200 

225 

250 


0 333 

2,000 


75 

75 112 

150 

187 

225 

162 

300 

337 

375 





35 

57 85 

113 

142 

170 

198 

227 

255 

284 




30 

50 

81 121 

162 

202 

243 

284 

324 

364 

405 


0 540 

3,240 


75 

121 182 

243 

304 

365 

: 425 

486 

546 

608 





35 

82 123 

165 

205 

247 

' 288 

329 

370 

412 452 

494 



36 

50 

117 177 

235 

293 

352 

413 

470 

528 

587 646 

705 

0 783 

4,700 


75 

176 264 

352 

440 

529 

616 

705 

792 

881 968|1,057| 




35 

114 171 

227 

284 

341 

398 

455 

512 

569 625 

682 



42 

50 

162 244 

325 

406 

487 

568 

650 

730 

812 893 

975 

1 083 

6,500 


75 

244 365 

487 

609 

731 

853 

975 

1,097 

1,219|1,340|1,462| 




35 

154 231 

308 

385 

462 

539 

616 

693 

77o| 847| 

9241 



48 

50 

220 330 

440 

550 

660 

770 

880 

990 

1,100 1,210 1,320 

1,466 

8,800 


75 

330 495 

660 

825 

990 

1,155 

1,320 

1,485 

1,050|1,815| 

1,980 




35 

200 300 

400 

500 

600 

700 

800 

900 

1,000 1,100 1,200 



54 

50 

285 427 

570 

712 

855 

997 

1,140 

1,282 

1,425 1,567 1,710 

1.900 

11,400 


75 

427 640 

855|1,070|1,282| 

1,497 

1,710 

1,925 

2,137 2,350 2,565 




35 

252 378 

504 

630| 

756 

882 

1,008 

1,134 

1,260 1,386 1,512 



60 

50 

300 540 

720 

900 1,080 

1,260 

1,440 

1,620 

1,800 1,980 2,160 

2.400 

14,400 


75 

540 810 

l,080|l,350jl,620| 

1,890 

2,160 

2,430 

2,700 2,970 3,240 




1 Link-Belt Co. 


Table 18-12. Recommended Maximum Belt Speeds^ 

(In feet i)er minute) 



Belt width, in. 


14 

16 

18 

20 

24 

30 36 42 

48 

54 

60 

Crushed material, nonabrasive coal 

300 

300 

400; 

400 

500 

500 600 600 

600 

600 

600 

Lump material, nonabrasive coal . 

300 

300 

400i 

400 

400 

450 450 450 

450 

500 

500 

Crushed material, abrasive coke.. 

300 

300 

400 

400 

500 

500 500 500 

500 

500 

500 


Note: Select belt speed within normal operating range to permit use of minimum belt width for 
lump size and tonnage required. 

Suggested operating speeds: 

300 fpm is approximate minimum speed for handling wet material. 

150 to 250 fpm is speed to use for discharge plows. 

300 fpm is speed to use wherever a tripper is used. 

1 Link-Belt Co. 
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kept true on the carrying and the return runs. If the belt does not train properly and 
runs to one side or the other, the bolt edges will wear off against frames or other 
obstructions and the bottom of the belt is liable to be injured by riding on the edges of 
troughing idlers; furthermore, the material may spill. This correct training dan 
usually be accomplished by using self-aligning idlers spaced every 10 or 15 idlers on 
the carrying run, and every 20 to 30 idlers on the return run. 



Fig. 18-22. Chart B to find horsepower required to drive empty conveyor. Values are 
based upon the use of antifriction idlers. Horsepower losses in drive not included in this 
chart. 

The conveyor belt deteriorates more when it is not in use than when it is in opera¬ 
tion. Direct sunlight checks the belt surface with a consequent further deterioration 
when water gets into the plies and freezes. Unless water does get into the plies, there 
is no other danger of freezing. The belt should be housed to keep sunlight from 
checking the belt; also the housing prevents windage loss of fine coal particles. 

Inexperienced designers, misled by the apparent simplicity of the belt conveyor, 
have laid out systems that have given dissatisfaction to the user, which, if properly 
designed, could have given the utmost in economy and service. In the last analysis, 
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the problem of the proper belt selection should be left to the engineering department 
of the company supplying the installation. 

Horsepmver Formulas, The Link-Belt Co. has adopted the Goodyear Tire and 
Rubber Co. formulas for belt-conveyor horsepower required at the drive pulley. By 

Tons per hour of materrat elevated 
^ ^ 400 800 1200 1600 2000 


Multiply results obtained 
from this chart totai lift 


^ I I 



400 800 1200 1600 2000 

Length of conveyor in feet 

Fia. 18-23. Charts M and E to find horsepower to convey and elevate material. Values 
are based upon the use of antifriction idlers. Horsepower losses in drive not included in 
this chart. 

running the belt faster, a lighter belt can be used, since the horsepower does not 
materially increase with the greater speed, but the torque is reduced. Modern design 
tendencies are to higher speeds and range from 450 to 550 fpm (with one belt operat¬ 
ing 800 fpm), with a consequent decrease of belt thickness and an increase of belt life. 


Hp required for empty conveyor (chart J5) — 


C{L + U)(fimQS) 


C{Ij “h Ijq)T 

Hp required to convey material horizontally (chart M) =-- 

TH 

Hp required to elevate^ material (chart E) — 


Total hp required at head shaft ~ - 

* This is a minus value for lowering conveyors. 


C{L -h Lo)(0.03Q5) 
990 


C(L + U)T 
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where C = friction factor (see table below for values of C and Lo) 

Q = weight of moving parts, per ft of center distance (see Table 18-13) 

L — horizontal length of conveyor, ft 

Lo = length constant (see table below for values of C and Lo) < 

S = speed of belt, fpm 

T = tons/hr, peak capacity 

H =» vertical height or rise of conveyor, ft 


Values of C and Lo 



Friction 

Length factor 


factor C 

Lo, ft 

For equipment with ordinary bearings 

0 050 

100 

For average type of antifriction idler . 

0 030 

150 


Table 18-13. Values of Q 


Belt width, in. 


Value of Q 
based on 



14 

16 

18 

20 

24 

30 

36 

42 48 

54 

60 

Troughing idler spacing 

5'0" 

5'0" 

4'6" 

4T>" 

4'0" 

4'0" 

3'6" 

3'6" 3'6" 

3'6" 

3'6" 

Return idler spacing 

lO'O" 

lO'O" 

lO'O" 

10' 0" 

lO'O" 

lO'O" 

9'0" 

9'0" 9'0" 

7'0" 

7'0" 

Weight of belt, Ib/ft 

2 5 

2 8 

3 5 

4 5 

5 0 

8 5 

11 0 

13 0 16.0 

18.0 

21.0 

Value of Q 

15 

16 

19 

21 

25 

34 

44 

50 60 

69 

77 


Note; The above values are based on average operating conditions. Factor C will diminish under 
ideal operating conditions but will be increased with poor installation and maintenance of equipment. 
Lo covers a power-absorbing factor for belt, material, and terminals, independent of length of conveyor, 
and is expressed in additional feet of conveyor for convenience. 

Q consists of the weight of the revolving parts of one type 40 troughing idler divided by the spacing 
in feet, one type 41 return idler divided by spacing in feet, and 2 ft of average-specification conveyor 
belt. 

Table 18-14. Trippers^ 



Width of belt, in. 

Cons taut 












14 

10 

18 

20 

24 

30 

36 

42 

48 

54 

Y 

0 0020 

0.0020 

0 0026 

0.0029 

0.0034 

0.0047 

0 0060 

0.0069 

0.0082 

0.0100 

Z 

0 0035 

0.0035 

0.0035 

0.0040 

0 0040 

0 0050 

0 0050 

0.0055 

0.0060 

0 0070 


Note; When a tripper is used, the horsepower required for conveyor operation is increased according 
to the following formula: 

Hp = ys + zr 

where S = belt speed, fpm 

T =» tons/hr, peak capacity 
Y and Z — constants from table 
1 Link-Belt Co. 

In determining power required for declined conveyors, subtract from the sum of 
Eqs. (18-1) and (18-2) the value obtained from Eq. (18-3), for a lift in feet equal to the 
required drop. Total horsepower provided at head shaft for declined conveyors must 
never be less than the value of Eq. (18-1). 

Magnetic Pulleys, Where it is necessary to remove the tramp iron from the coal, 
magnetic pulleys are used. These are usually placed as the last pulley on the head 
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shaft before the equipment utilizing the coal requiring iron-free coal. These pulleys 
are of two types, the permanent magnet and the electromagnet. 

I Where the belt conveyor is inclined, the belt conveyor should be provided with 
»some form of brake or ratchet in case of power breakdown when the belt is loaded. 
J This brake prevents the belt from running backward and flooding the lower end if the 
I slope is sufficient that the force of gravity is greater than friction of the belt. 


Discharge 

end 


Loading 

hopper 


Loading 

hopper 



(a) receives material at one end or several points and discharges at the other. 


Movable 



(b) Receives material at one end and discharges by means of movable tripper. 


Loading 

hopper 



(c) Shuttle conveyor A reversible belt mounted on frame for longitudinal 
travel. Receives material at any point, and discharges over either end. 



(e) Conveyor operating over vertical curve Radius of curve depends 
on Its relative proximity to the dischorge end, and tension in 


the belt at the bend 


Fig. 18-24. Belt conveyors, typical arrangements. Where tramp iron is to be removed, a 
magnetic pulley is placed on the last pulley of the head shaft. 


BeU Trippers, The only way that the troughed conveyor bolt can discharge with¬ 
out a tripper is by discharging over the end of the belt. In order that the belt can 
discharge at any intermediate point between the end pulleys, some form of tripper 
must be used. If the discharge point is fixed, the tripper is fixed. As the loaded belt 
comes to the tripper, as in Fig. 18-24, it is bent over a pulley to duplicate the condi¬ 
tions at the end pulley. The coal is then discharged in the same manner as it would 
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be at the end pulley. This coal is projected into a chute that straddles the belt a!^d 
discharges on either one or both sides as desired. If the conveyor is servicing a long 
bunker, the tripper is motor-driven so that the coal is qvenly distributed along the 
bunker. ’ 

(Central stations demand such large tonnages of coal that the belt conveyor is 
invariably used for the coal handling. Also, since belt conveyors can operate over 
long distances and at varying grades, they are used to bring coal from the unloading 
equipment directly to the coal bunkers. 

For more specific data on belt conveyors refer to Link-Belt Co., Philadelphia, 
Pa.; C. 0. Bartlett & Snow Co., Cleveland, Ohio; Jeffrey Mfg. Co., Columbus, 
Ohio. 


Bunker No 21 
1000 T cap. 


Bunker No. 22 
1000 T cap. 


Coal scale 

Magnetic pulley 


350 tph 
speedomatic 
crane 



400 tph crusher- - ^ ^ 


Flightconv. from pit- 


•Hopper and 
feeders in 
pit 


Fig. 18-25. Schematic layout of Southwark generating station coal-handling system. 
(Philadelphia Electric Co.) 


Central Stations^ 

The economical handling of coal to ensure an uninterrupted supply to the boilers is 
one of the major problems in the design of central stations and differs from most 
other design problems in the great number of variables which exist and the numerous 
combinations of equipment and methods which can be used. The method of receiving 
the coal at the plant is usually one of the deciding factors in the general layout. If 
coal is received by water in large lake or oceangoing vessels, rapid unloading facilities 
are necessary to avoid demurrage. For this purpose movable towers with large grab 
buckets are used. For river transportation, open coal barges are used, and it is the 
general practice to use stationary unloading towers with grab buckets for unloading. 
On the Great Lakes, the use of self-unloading vessels (Fig. 18-26) is becoming more 
prevalent, and this materially reduces the coal-handling equipment required. 

Some central stations are located at the mouth of the mine and receive their coal 
directly from the mine in mine cars. Coal received by rail generally comes in hopper- 

1 Daniels, George C., “Coal Handling Systems for Central Stations,” presented at the semiannual 
meeting, Kansas City, Mo., ASME, June, 1941. 


Table 18-15. Comparison of Coal-handling Costs 
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bottom cars, but in some localities coal is shipped in flat-bottom cars which may or 
may not be provided with dump bottoms. Such cars must be unloaded with grab 
bucket or by means of a car dumper. Delivery by truck from nearby mines is becom¬ 
ing more prevalent, and provisions for such delivery have been made at many plants. 

The complexity of the problem prevents the detailed description of even representa¬ 
tive systems. 

A comparison of coal-handling costs is shown in Table 18-15. The installation 
costs given arc the original costs, plus additions, less retirements. They include all 
the investment chargeable to coal-handling equipment, except the coal bunkers in the 
plant, and include such items as coal docks, turning basins, unloading towers, cranes, 
conveying and elevating equipment, coal crushers, railroad tracks, and track hoppers. 



Fig. 18-26. Self-unloading vessel. The holds are emptied by discharge gates at their bot¬ 
toms. Coal drops onto conveyor belts that carry it to a buf;ket elevator that hoists it to 
the boom unloading conveyor. On unloading the boom is swung out and the coal is 
discharged alongside of the vessel. {Stephens-Adamson Mfg, Co.) 

The load factors on the coal-handling equipment given in Table 18-15 are based on 
the total coal consumed per year and the handling capacity to the bunkers. 

Car-unloading Methods’ 

The capacity of the coal-handling equipment when receiving coal by rail is fixed 
largely by the speed at which cars can be emptied, which is determined by the size of 
the coal, by whether it is wc‘t or dry, and by the type of cars. In some localities coal is 
received only in hopper-bottom dump cars. Other localities may obtain coal only 
in flat-bottom cars or in cars of several varieties. A grab bucket is ideal to use for 
flat-bottom cars, but not for hopper-bottom cars or for cars with cross bracing. 

. When a 1 J^^-cu yd grab bucket with a locomotive crane or overhead bridge is used, 
a 50-ton flat-bottom car can be unloaded in approximately 20 min. Allowing time for 
switching cars, the unloading capacity would probably not exceed 100 tons per hr 
continuously, and one man would be r(Hpiir(*d on the crane and one on the car. 

When dumping free-flowing coal from 70-ton hopper-bottom cars into a pit of 
ample size and length to dump the car at one setting, the average unloading speed 
including switching will approximate 200 tons per hr. Fine coal % in. or less, when 
wet, will reduce the speed of unloading, even with four men in the car, to 100 tons per 
hr or less. 

Reliable capacity over 100 tons per hr when handling fine screenings, especially 
when wet, must be obtained by means of car unloaders or car dumpers. The “Accel¬ 
erator^^ for unloadhig hopper bottom cars is shown in Fig. 18-27. The dump gates in 
the car are opened and the accelerator screws are revolved, digging themselves into 
the coal until the bottom of the car is reached, whereupon the screws are reversed to 
expedite the flow of coal. With this device, two 70-ton cars are unloaded per hour 
with one operator and one or two cleanup men in the car, when unloading into a small- 
capacity hopper. With a large track hopper, permitting continuous operation of the 

1 Daniels, Georoe C., “Coal Handling Systems for Central Stations,” presented at the semiannual 
meeting, Kansas City, Mo., ASME, June, 1941. 
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Fig. 18-27. Coal accelerator. Indicated is the mechanism by which the material acceler¬ 
ator is moved across railroad tracks to accelerate the removal of material on either of 
several tracks. Also indicated is the mounting of supporting beams on rails by which 
the accelerator is moved lengthwise along the car. {Stephens-Adamsori Mfg. Co.) 



Fig. 18-28. Car shakeout. The car shakeout is lowered to the top of the car. The 
vibration of the shakeout loosens the coal which flows down through the hopper doors. 









COAL-HANDLINQ EQUIPMENT 


m 

accelerator, a 70-ton car can be unloaded in 20 min. The accelerator is fairly efficient 
in handling frozen coal, provided that the coal surrounding the hopper doors is 
removed by hand or some other means. 

The car shakeout unloads the loaded railroad car by applying vibration to the top 
of the (iar. The unit illustrated in Fig. 18-28, is manufactured by the Robins Con¬ 
veyors, Passaic, N.J., in one standard size only. It is powered by a 20-hp motor and 
operates at a speed of approximately 1,500 rpm. The vibration is obtained by the 
use of counterweights at each end of the shaft. Stroke amplitude is approximately 
^2 in. 

Unloading time varies with the type and condition of the material. For example, 
coal which is rather dry usually will be unloaded in 2 to 3 min. 



Fig. 18-29. Coal displacer, “guillotine” type. The blade is dropped on the compacted 
or frozen coal. When the blade is not in use it is hung from the safety hook or catch. 

With respect to frozcui material, some heat must be applied to the bottom of the 
(*ar if fre(‘zing has penetrated more than 2 or 3 in. This h(‘at can be supplied by a pit 
between the rails or by the use of small portable oil burners. With the assistance of 
this heat for from 10 to 30 min prior to unloading, the car shakeout will unload cars 
frozen on the top and along the sides and the bottom to a depth of 8 to 10 in. It will 
not unload a car which is frozen throughout the entire mass of material. 

A coal displacer of the guillotine” type is shown in Fig. 18-29. This consists of 
a 6,000-lb blade hung from a gantry crane. The car is moved under the blade, which 
is dropped down repeatedly on the compacted or frozen coal until it is loosened. 

Capacities greater than those mentioned must be obtained by means of car dtunpers 
(Fig. 18-30), which, with two men, will unload coal cars of any size and kind at the 
rate of one every 3 or 4 min. Frozen cars of coal present a difficult problem and can¬ 
not bo handled readily with the car dumper unless they are previously thawed out or 
the coal is broken up. 

Illustrated in Fig. 18-30 is the car dumper. In this unit, a 40-hp motor is sufficient 
for unloading 20 cars per hr, up to 100 tons capacity each; or, by increasing the size 
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of the motor, the dumper will handle 30 cars per hr, if they can be moved on and off 
the dumper rapidly enough. This type of equipment must be made very rugged and 
dependable, since they are too costly to be installed in duplicate to take care of break¬ 
downs. For physical specifications of the equipment, consult Link-Belt, Philadel¬ 
phia, Pa.; Wellman Engineering Co, Cleveland, Ohio; and others. 



Unloading Frozen Coal^ 

One of the most vexing problems facing industrial plants is that of unloading frozen 
coal. While the severity of fniezing can sometimes be alleviated by (duunical treat¬ 
ment, ^ it often happens that (;oal arrives in a thoroughly congeal(‘d condition. In such 
cases, a relatively inexpensive yet effective means of unloading the cars is provided 
through the use of thawing pits. As properly construcited, they employ an indirect 
radiant-heating method that minimizes any damage to railroad cars during the opera¬ 
tion. One or more pits may be installed, depending upon the number and types of 
cars that may require simultaneous treatment. 

The thawing pit consists essentially of a shallow combustion chamber, installed 
between the tracks, the refractory linings of which are heated to irradiancy by the 
flames from two oil burners which impinge upon the side walls of th(‘ pit. The heat 
from the walls rises up and through the car hoppcTs without direct flame contact. 
Pits may be equipped with either high- or low-pressure oil or gas burners, actuirding 
to local conditions. Housing structures arc not required; thus there is no restriction 
to normal traffic over the tracks. Such pits are frequently used in conjunction with 
a car shakeout to improve the efficiency of unloading. 

* Thawing Pits, Utilization, February, 1949. 

2 See section on Freezeproofing Treatment, Chap. 16. 
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Fuel consumption and thawing time are subject to considerable variation according 
to the type and size of coal, its moisture content, the degree of freezing, and the 
weather. A probable fair range of oil consumption is 8 to 15 gal per 50-ton car. 
Time will vary from 20 min to 1)^ hr under average conditions. 

A typical thawing pit, as designed by the Hauck Mfg. (>o., Brooklyn, for their low- 
pressure oil burners is as shown in Fig. 18-31. Table 18-16 shows typical test results 
from such an installation. 


Table 18-16. Car Thawing-pit Oil-btimer Performance Summary^ 

(Total cost per car, S2.68. Total cost per ton, $0.0489) 


Train 

load 

Weather 

temp 

(wmdy), 

degF 

No. 
of cars 

No. of 
tons 

Thaw¬ 

ing 

time, 

min 

Oil consumption 

OU 

cost/ 

car« 

Oil cost 
/ton 

Time 

clean¬ 

ing 

(test 

cars 

only), 

hr 

Hand 

torch 

time, 

hr 

Labor 

cost/ 

car 

Labor 

cost/ 

ton“ 

oa 

level, 

in. 

Oil 

useil, 

gal 

Avg 

/car, 

gal 

1 

15 

7 

393 8 

57 

5Hfl 

74 9 

10 7 

11 50 

so 0266 

1 

1 9 

SO 58 

SO 0103 

2 

25 

8 

408 6 

111 

m 

142 4 

17 8 

2 49 

0 0488 

1 5 

3 7 

0 91 

0 0178 

3 

30 

6 

330 8 

56 

4Hi« 

69 4 

11 5 

1 62 

0 0294 

1 

1 9 

0 68 

0 0122 

4 

30 

5 

253 2 

62 

ih 

64 7 

12 9 

1 81 

0 0358 

0 

2 1 

0 59 

0 0116 

Total 


26 

1,386 4 

286 

237/^ 

354 




3 5 

9 6 



Avg 




11 

0 918 

13 6 

13 6 

$1 90 

so 0357 

0 13 

0 33 

SO 78 

SO 0132 


Note: Labor time based on actual testing period and costs based on $1.40 per hour Motor power estimated at 43 kwhr 
for the cars tested. Freezing depth about 3 and 4 m., much deeper in dump hoppers Coal was wet enough to dnp heavily 
when being thawed. 

^ Report from an electric public utility in Indiana using eight Hauck thawing pits, Jan. 15, 1049. 

o Hand-torch oil included in pit burner oil. Fuel 10.14 per gallon. 

STORAGE OF BITUMINOUS COALi 

Effect of Storage on Coal Characteristics. The greatest hazard in the storage of 
coal is spontaneous combustion; the least hazard for th(‘ high-ranking Eastern coals 
is loss in heating value and degradation in size du(5 to slacking. C'aking characteristi(;s 
of some coals may be lessened betiaiise of storage. 

Studies by the U.S. Bureau of Mines, and confirmed in the field, have shown that 
the loss in heating value for Fiastern bituminous coals will seldom exceed 1 per cent 
the first year or 2 per cent in 2 years. For low-rank Western coals, the loss in heating 
value may be 2 to 3 per cent the first year and over 5 per cent in 3 years. The effect 
upon anthracite is as discussed separately in Chap. 3. 

Little difficulty, if any, should be experienced from the slacking of Eastern coals in 
storage; considerable difficulty may be experienced with low-rank Western coals. 

Strongly caking coals tend to bec^ome less caking after storage, because of oxidation. 
For chain-grate stokers, storage may improve the performance of certain coals on the 
border line of acceptance. For pulverized-coal firing and spreader stokers, storage 
should have little or no effect. For underfeed stokers, efficiencies might be adversely 
affected if firing practices are not altered to meet the change in burning properties. 

Storage of the Several Sizes. Industrial sizes of coal can be stored for indefinite 
periods if cartful storage-pile methods are used and the top and sides are sealed with 
an airtight coating of asphalt or road tar. For periods of 1 year or less, the suggested 
multiple-layer procedure permits the safe storage of industrial sizes other than mine 
run without sealing. 

' Storage of mine-nm coal should be avoided unless it can be withdrawn continuously 
after the airtight seal is broken. Periodic withdrawal leads to fire hazards. 

1 Storage of Coal, Ohio Coal Aasociation Research Bull., Cleveland, Ohio, 1949. 
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Double-screened sizes (bottom size % in.) may be stored for long periods if 
segregation is avoided, thus allowing essentially unrestricted flow of air through 
the pile. 

Procedure and Methods of Storing Coal 

Storage Site. Preparation of the storage site is the first step in the successful 
storage of coal. In many respects it is the most important as it is the starting point 
which often determines the sequence of events leading to the economical or costly 
storage and recovery of coal. 

Adequate drainage is essential, and the ground should be graded to drain moisture 
away from the pile. Low spots should be filled with earth and compacted rather than 
filled with cinders, which permit access of air at the base of the pile. All materials 
more combustible than coal should be removed, and if the storage site contains 
structural columns or upright members, they should not be included within the pile 
as they provide a perfect flue for localized access of air and moisture. 

Multiple-small-conical-pile Method. If the amount of coal to be stored is small, 
or if it is not practical to own and operate material-moving equipment, only double- 
screened coal should be stored. To provide free access of air, the bottom size should 
not be less than in., preferably 5^ in., and the storage pile should be formed by a 
multiple number of small conical piles. By overlapping the small piles, segregation 
will be minimized. If a clamshell is used, it should be lowered near the surface of the 
pile to ensure a minimum drop and roll of the coal. The height of the pile need be 
limited only by the length of the crane boom. If a dump truck is used, the depth of 
the storage pile should not exceed 6 ft, owing to less control over segregation. No 
attempt should be made to compress the pile other than the weight of the coal itself. 
In the case of dump trucks, planks about twice the width of the rear tires should be 
provided to avoid having the truck wheels ride directly on the coal when building the 
pile depth higher than the truck body. The success of the multiple conical pile is free 
access of air to remove the heat of oxidation as rapidly as it is generated. 

Do not attempt to store coal from two different beds in the same pile. Avoid 
storing fresh coal in a pile containing old coal. 

Horizontal Multiple-layer Method. When industrial steam sizes of coal are to be 
stored in large amounts, only the horizontal multiple-layer method of building the 
storage pile should be considered. The object of the multiple-layer method is to 
mix thoroughly the various sizes of coal in all areas of the pile, thus minimizing the 
movement of air through the pile and the absorption or loss of moisture. 

Success or failure of the multiple-layer method is dependent upon adequate material- 
moving equipment and the conscien¬ 
tiousness of the individuals doing the 
work. The importance of avoiding 
size segregation within the pile cannot 
be too strongly emphasized. Any pro¬ 
cedure which falls short of doing the job 
correctly is vulnerable to a chain of 
events which can cause pile heating. 

To avoid segregation and to ensure 
bulk density, the layers should not 
exceed 2 ft in thickness. The w(»ight of the bulldozer has little effect upon compact¬ 
ing the pile, since only the top few inches of coal receive the weight of the ^^cats,” 
which seldom exceeds 10 psi. If layers thicker than 2 ft are graded, segregation is 
likely to occur. Layers less than 2 ft are preferable owing to improved mixing. (See 
Figs. 18-32 and 18-33.) 



Fig. 18-32. Proper shape for large coal- 
storage pile. When storing subbituminous 
or lignite the total height should not be over 
ten ft. 
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fieve! graded 
I before next 
' layer IS added 


Oxidation of 
coat takes place 
in layer flues 


Incorrect 

Fig. 18-33. Cross section of correct and 
incorrect storage piles. {Oh%o Coal 
Association.) 


To avoid absorption of moisture and to ensure drainage from the surface, the pile 
should be crowned. The top of the pile should be symmetrical to avoid large quanti¬ 
ties of water running off in localized spots, resulting in deep giilleys and considerable 
washing of coal from the sides of the pile. 

Exposure to winds appears to have a greater effect upon the access of air into the 
pile than chimney effect owing to pile height. For this reason, well-graded and com¬ 
pacted slopes are of more importance than height. The slopes of the pile may be 

compacted by cutting back, starting at the 
Water shedding crown bottom, which will condition the sides to 

resist both ac(!ess of air and moisture. 
fLevet graded Airtight Sealing of Coal Piles. If the 
/ coal pile is to be permanent (1 year or 

more) or if mine-run coal is to be stored, 
the top and sides should be covered with 
Correct an airtight seal of asphalt or road tar. 

This can be applied by spraying equip- 
- Oxidation of mcnt similar to that used by road depart- 
coat takes place ments. For large storage piles the top can 
in layer flues be capped, using a tank wagon equipped 
with rear spray nozzles, and the sides 
sprayed by the use of a hose and hand 
nozzle. Small piles may be capped by 
Incorrect hand spraying only. A covering or cap 

Fio. 1S-3Z. Cross section of correct and 5 ,^ requiring about 1 gal of asphalt 

Association.) sq ft of area has been found satis¬ 

factory. The sides exposed to prevailing 
winds should be treated somewhat more heavily for greater protection against the 
access of air. 

Coating Materials. Cutback asphalts of the MC -1 or lVr (^-2 grades are often used 
but require heating to ]40°F to reduce viscosity for spraying. Asphalt emulsions of 
the AE-3 or AE-4 grades have air-sealing properties equal to the MC- grades and arc 
often preferred because they do not require heating and are more elastic; after setting. 
The AE-4 grade is preferable owing to its characteristics of quick water separation and 
superior coating properties. In the event the capping cracks from settling, the cracks 
can be patched by hand spraying. To take up the tackiness and to fill the voids, the 
capped pile should be covered after spraying with a thin layer of fine coal. This is 
usually done by hand with a shovel. 

Temperature Observations in Storage Piles. Large storage piles require daily 
checks for hot spots; small piles should be checked once a week. 

Areas developing heat can be detected by the appearance of the coal under differ¬ 
ent weather conditions. In wet weather the hot area is detectable by the rapid dry¬ 
ing, and the much lighter color of the coal above the hot spot. Streams of vapor on a 
cold day or a day of high humidity, and the odor of gas are further indications of heat¬ 
ing or of air entering the pile. 

Locating the hot spot may be done by probing with iron rods and testing its tem¬ 
perature with the hand. If the hand cannot be held on the rod after being in contact 
with the coal at the hot spot and quickly withdrawn, it indicates that the temperatures 
are at the danger point. When the pile is large and the hot spot is deep within the 
pile or in an awkward location, or if there are indications of several areas in danger of 
firing, the pile may be fireproofed by sealing the top and sides with an airtight coating 
of asphalt or road tar, as has been described. Preventing air from entering the pile 
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will stop further heating and actually put out the fire at locations having temperatures 
in excess of the danger point. 


Table 18-17. Capacities of Coal Piles^ 
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12 
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15 

59 1 
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1 Link-Belt Co. 


Equipment for Storing Coal 

Bin Storage. With increased plant size, manual coal-handling costs are prohibi¬ 
tive and hand-firing is replaced by stoker-firing. Sized or crushed coal is burned more 
readily on the stoker since the bed is more uniform and the coal is burned with less 
waste. The coal can be purchased sized, but it is advisable to have a crusher for 
stand-by. In case of emergency, when sized coal cannot be secured and only run-of- 
mine is available, the crusher is good insurance. In addition, where the run-of-mine 
can be secured very cheaply, the crusher becomes a good investment. When the run- 
of-mine prices rise the plant then switches over to sized coal. Also, the sized coal is 
handled with greater facility in the elevators, hoppers, chutes, and spouts because 
of decreased clogging. Where feasible, the covered bin or silo has the following 
advantages: 
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1 . Small ground space 

2. Closeness to track storage 

3. Protection from weather (dry coal is less likely to clog spouts), degradation, and 


theft 


4. Low handling costs since the coal is handled only once 

5. Not necessary to run coal machinery con¬ 
tinuously 

6 . Reserves readily available in case of breakdown 
of machinery or delivery 



for small plants receiving coal 
by truck. Provides a live- 
storage capacity of approxi¬ 
mately 20 tons and a dead stor¬ 
age of 100 tons which is re¬ 
claimed by means of a chute to 
the elevator boot. 




, Elevator^ 


By-pass to 
storage^ 

Approx, too 
tons hopper^ 


Reclaiming 
! spout 

Coat 
car 


Feeder 




^Spiral conveyo r 


Stoker^ 


3 . 


Boilers 


Apron feeder 

Fia. 18-35. For plants of moderate ca¬ 
pacity receiving coal by rail. Apron 
feeder beneath hopper regulates feed to 
elevator. Provides live capacity of ap¬ 
proximately 100 tons and a dead storage of 
150 tons, reclaimed by means of chute to 
elevator boot. A spiral conveyor is used to 
deliver coal to stoker. 


HO tons live 
storage ^ 

% 

330 tons 
dead stor¬ 
age ' - • . 


r Spiral conveyor 
*, Charging bins 
^ for pulverizers 




i 


\can 


Reclaiming chute '• 


Belt feeder • - 
► Crusher- 




Fig. 18-36. For plants using pulverized 
fuel. Provides a live storage of approxi¬ 
mately 110 tons and a reserve of 330 tons 
reclaimed by chute to elevator. 


Bucket elevator -*. ^ 

too ton coat 
storage «-, ^ 




Chute to 
stokers^ 


Boilers 2r\ 


Chute to yard storage 


Drag chain 
conveyor 


Yard^ 
storage 


age^ 




Coat 

cat 


Fig. 18-37. For larger plants requiring 
outside storage. Provides for direct de¬ 
livery from railroad cars to elevator and for 
reclaiming outside storage. Steel plates or 
planks laid across conveyor pit support out¬ 
side storage and are removed to permit 
feed to conveyor. 


Neff and Fry silos used in conjunction with Jeffry Mfg. Cb. equipment are shown in 
Figs. 18-34 to 18-37, which indicate arrangements of small and medium plant size 
handling and storage. 

Cylindrical storage bins require no heavy steel stiffeners and are therefore lighter 
in weight, simplifying the foundation problem. Bins or silos of concrete or vitrified 
tile (Neff and Fry, and Bartlett-Snow, Cleveland, Ohio) are not subject to corrosion 
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of wet coal. The cylindrical steel bunker in Fig. 18-38 (Bartlett-Snow, Stephens- 
Adamson Mfg., Beaumont-Birch Co.) supplies a weigh larry that passes under the 
gate and distributes the coal to the boilers. Coal being discharged into any bunker 
segregates, the fines remaining in the center, the coarser coal seeking the edges. On 
discharge the coal craters, and the segregation is reversed. Gas pockets in quiescent 


Table 18-18. Sizes and Capacities of Standard Silos^ 
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18 
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20 

314 1 

8 63 i 

7 85 

4 08 

22 

380 1 

10 01 

9 .50 

4 94 

24 

452 2 

12 43 

11 30 

5.87 


1 Neff and Fry. 


coal, cause of spontaneous combustion, cannot form since the entire contents of the 
bunker move slightly on discharge. The tendency to pack noticeable in long bunkers 
is greatly reduced. Freezing of wet coal is eliminated, since the bottom of the bunker 


•>1 ^ h - 



is in the boiler room. 

Bunker Adaptor-bunker Gates. The adaptor 
in Fig. 18-39 is used with cylindrical coal or ash 
bunkers and enables the material to be discharged 
through a square opening. The heavy cast-iron 



Standard square 
openings-12" 16", 
SO" 24’30^ 


Fig. 18-38. Bartlett-Snow cylin- Fig. 18-39. Beaumont Birch Co. cylin¬ 
drical coal bunker. drical bunker adaptor. 


Simplex gate 



Angular movement of gate jaw is 65® 
Sizes - 12" 16", 20" square. 

Fig. 18-40. Beaumont 


Duplex gate 



Angular motion of gate jaw is 60* 
except 24' gate which is 74® 
Sizes-12" 16", 18" 20", 24" square. 

Birch Co. bunker gates. 


construction resists abrasion where the wearing action of the coal is most severe, also 
it provides a rigid member to which to secure the gate. The bunker gate in Fig. 
18-40 is made of cast iron to prevent abrasion. The swinging action of the gate 
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provides for minimum jamming, a common fault of the older slidetype gate. Both 
single and double gates are available. 

Suspension coal bunkers used in medium and large plants are designed in shape to 
approach a catenary, a curve that will produce only tension in the plates. This 
condition makes for economy in design and construction. This bunker is of minimum 

height as compared with the cylindrical type. 
Where there is an unusually long row of boilers, 
the suspension bunker, with spouts to the stokers, 
is very practical. 

Lining is a problem as the coal is abrasive and 
wet coal is corrosiv?. Protective linings are 
utilized. Concrete and wire mesh were formerly 
used but were found to crack because of their lack 
of flexibility under varying loads. The cracks in 
the concrete allowed the corrosion to proceed un¬ 
observed. Present practice calls for several costs 
of acid-resisting enamel, applied hot. This coat¬ 
ing ‘^breatheswith load changes. An alternate 
is a properly designed reinforced-concrete con¬ 
struction which is both abrasion- and corrosion- 
resistant. However, this construction is expen¬ 
sive and productive of foundation problems as the concrete bunker is relatively 
heavy. Unmachined cast iron is known to be abrasion- and corrosion-resistant and 
is fabricated in sections to form the complete bunker (see Fig. 18-43). 

Bunker Operation. Design of a bunker should entail more than a consideration of 
the total capacity; regard should be paid to trouble-free operation. The familiar 




Fig. 18-41. Bartlett-Snow sus¬ 
pension coal bunker. 







c 

\ / 

\ / 


1 

iv\y| 


Fig. 18-42. Multiple hopper-bottom design avoids dead space but may cause arching, 
particularly right above outlets, where span is reduced. Agitation is the common solution. 
{Hahn Equipment Corp.) 

suspended steel bunker suffers from dead spaces between outlets and a low discharge 
efficiency. Trimming and manipulation of these dead pockets is annoying and 
occasionally hazardous. This dead coal may also serve as the starting point for heat¬ 
ing and spontaneous combustion of stored coal. Figure 18-42 shows a more compli¬ 
cated and consequently more expensive construction that nominally eliminates the 
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dead-storage problem—but introduces a new one, that of arching. Even crushed 
coal contains small lumps and fines, which under pressure of the mass above will 
compact and form arches over the outlets. Hammering the sides is often effective, 
but this solution is crude and time-consuming and often results in damage to the 
hopper. The best solution lies in an agitator, of substantial construction, built in the 
hopper throat (Fig. 18-43). This clears a space about 3 ft above the gate where 
the hopper dimensions are the smallest. Above this point, the increasing span of 
the arch weakens it; and, once the lower section has been disturbed, arching at the 
higher levels can hardly be sustained. 

General Bunker Details, For the suspension bunkers, the columns should not be 
supported by the boiler columns as the varying loads tend to crack the boiler walls. 
Outlet gates should be spaced about 8 ft 0 in. apart. If practical, the bunkers should 




Fig. 18-43. Built of cast-iron sections to avoid abrasion and corrosion, this oblong octagon 
bunker weighs little more than a steel design for the same capacity and has agitators. 
{Hahn Equipment Corp.) 

be closed over to prevent discharge of dust in the firing aisles. The location of the 
bunker must be such as not to interfere with boiler-tube cleaning or replacement. 
Distributing pipes to the boilers should not be greater than 40 deg from the vertical. 
In general, where weigh larrics are used, care in design is necessary to provide adequate 
height and clearance for the larries. 

f Storage Capacity. The amount of coal to be stored in bunkers should be sufficient 
to take care of the boilers during shutdown for normal coal-handling-machinery 
repair. The question of adequate storage to provide against mine or delivery-work 
stoppage would be more of a company policy. 

Drag Scraper. The equipment consists of a cable-operated bottomless scraper 
bucket. In the typical installation, a headpost is set up at a given point at one edge 
of the storage area and the incoming coal is dumped onto the ground in front of this 
headpost. The scraper bucket operates out from this cushion pile in radial lines 
toward a tail tower traveling on a track laid around the perimeter of the yard. Haul¬ 
age cables, to which the bucket is attached, pass around sheaves on the tail tower 
and on the headpost to the haulage hoist, usually electric-driven. The operator 
is located where he can view the entire area. When reclaiming, the operation is 
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reversed, the coal being dragged back for distribution to the plant. The radial 
system, as well as other arrangements, are shown in Fig. 18-44. 

By continually shifting thQ path of the bucket, the operator spreads one layer of 



Radial operation 



Back posts and bridle 

Fig. 18-44. Four general types of appli¬ 
cation of the drag scraper. {Sauerman 
Bros.) 


coal on top of another. This technique 
serves to avoid segregation and helps to 
compact the pile, both of which tend to 
keep down storage-pile fires. This type 
of handling, however, promotes degrada¬ 
tion of the coal and is particularly dis.- 
advantageous in the case of anthracite 
and coke in this respect. For the small 
and medium sized piles, the favored depths 
arc from 15 to 20 ft, and for large piles 
the favored depths are from 30 to 40 ft. 

Capacities of Drag Scraper. Handling 
capacities of scraper installations depend 
on the size of the scraper and the average 
distance which the scraper travels. Nat¬ 
urally the capacity of a given installation 
is greater on short spans than on long. 
The relative economy of the scraper is 
maintained on quite long spans, but it is 
advisable to limit the distance of bucket 
travel if a small scraper is used. The 
chart of Fig. 18-45 gives an indication of 
the hourly capacity in terms of bucket 
size and average distance of bucket 
travel. Specific installations may cause 
variations. 

Cost of Operation. In operating costs 
are included the direct expenses for 
power, maintenance, and labor. The 
power consumption of an electric motor- 
driven installation will average about 34 
kwhr per ton of coal handled per 100 ft 
of haul. The usual figure for main¬ 
tenance is 1 cent per ton of coal handled. 
Labor costs vary with localities, and the 
plant activity and the amount of use of 
the scraper system are extremely per¬ 
tinent factors. A properly designed 
scraper system uses one man to operate 
the scraper. See Fig. 18-46 for motor 
horsepower. 

Storage Bridge and Unloading Tower. 

Illustrated in Fig. 18-47 is an unloading 
tower for central-station coal handling. 
Coal is brought to the plant by water and 
is unloaded by means of the 6-net-ton coal 


bucket. If the coal is to be used immediately, it is dumped into the 55-ton hopper 
where a feed deposits it onto a conveyor belt that carries it to the boilers. If the coal 


is to be stored, it is dumped on the storage pile, which runs parallel to the pier. The 
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100 200 300 400 500 600 700 800 900 1000 
Average distance of bucket travel in feet 
Capacity curves of drag scrai>ers. {Sauerman Bros., Chicago.) 



Fig. 18-46. Motor horsepower required for drag scrapers. The capacities shown in the 
chart are obtained at an inhaul speed of 350 fpin and an outhaul speed of 360 fpm. (Sauer- 
man Bros., Chicago.) 

whole tower runs on rails parallel to the pier to increase the volume of the storage. 
Reclamation is effected with the coal bucket, which scoops up the coal and deposits it 
in the hopper. Emergency rail-delivery facilities are also shown. 

Capacity. In free digging and when properly operated, the machine illustrated will 
handle 600 net tons per hr with a hoist of 56 ft and a trolley travel of 45 ft. Unloaders 
and bridges are built to the specific plant design and will vary according to the plant 
requirement. 
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Fig. 18-47. Traveling boat-unloader tower. Material unloaded from boats or cars can 
either be stored or delivered directly to the bunkers by the conveyor. OVellman Engineer¬ 
ing Co.) 

st Bulldozer and Tractor-carryall Storage 

The central station must have large investments in coal-handling systems, and con¬ 
sequently the fixed charges are high. The use of the bulldozer and the tra(;tor carry- 
all has resulted in reduction of this investment and of the fixed charges. For distances 
up to about 150 ft the bulldozer by itself may be used economically, and for greater 
distances the tractor-carryall combination may be used. The bulldozer, preferably 
employing caterpillar treads, may be equipped with a blade set either at a right angle 
or at an oblique angle to the longitudinal axis of the tractor, or it may tow a carryall 
or scraper. The control of the carryall is accomplished from the tractor, and the 
leading or dumping can be done quickly or at a uniform rate as it moves along. 

Many large industrial plants and public-utility plants have adopted the crawler 
type of tractor or the wheel-type tractor-scraper method of storing and reclaiming coal 
for the following reasons: 

1. Fire hazard is reduced. The method results in a compact pile and virtually 
eliminates air pockets that contribute to spontaneous combustion. 

2. Equipment investment is small compared with overhead bridges, traveling 
cranes, high towers, etc. 

, 3. Equipment spread is more flexible as storage areas can readily be expanded and 
several areas can be worked with the same equipment or at the same time. The 
storage area can be irregular in shape. 

4. Value of coal is increased because of less slacking. 

5. Less storage space is required because of compaction. 

6. Units can be added or subtracted without affecting continuity of operations. 

7. Generally speaking, unit cost per ton handled is less. 

The bulldozer and carryall requires only an initial pile to move the coal out to 
storage, and the reclaimed coal can be brought to a hopper connecting to the plant- 
conveying system. The method of stockpiling is briefly described as follows: 

1. Clear area. 

2. Spread coal in thin lifts, 4 to 8 in., over the entire area. 





Table 18-19. Coal Storage and Reclamation Data^ 

(Tonnage production and cost estimate for bulldozer and scraper) 
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3. Spread second lift over the first, and return over the first lift to aid compactness. 
The vibration of the tracks, followed by the rolling kneading action of the large 
pneumatic tires on the scrapers, is responsible for this compaction. 

4. Spread third lift and return over the second. 

6. Spread fourth lift, etc. 

6. Top off the storage pile by rounding edges and running tractor-dozer back and 
forth to get additional compaction. 

7. Seal the top with light bituminous mix for protection against rain and weather. 
Recovery can be made with the same equipment. Because of compaction attained, 

a ripper may be necessary to break up coal for scraper loading. Some plants have 
built windbreakers on the wind side or all around storage piles to further fire protection. 



/SOO tons 

Fig. 18-48. Coal-handling installation and storage pile at the Polymer plant. {ASME 
No. 47-SA-12). 


The compacting action of this type of eejuipment makes possible the stock-piling 
of bituminous coal to depths of 60 to 70 ft with minimum danger of coal overheating; 
heights up to 100 ft of coal depth have been utilized. The technique of coal handling 
with the bulldozer produces too much degradation of anthracite and coke for it to be 
recommended usually. 

7 Tonnage Production and Cost Data, Table 18-19 shows tonnage for various haul 
lengths along with cost per ton data in parentheses. The cost figures are useful only 
on a comparative basis, as costs vary widely in different sections. Changes in ecpiip- 
ment price or in operator’s wage scale would necessitate revisions. The following 
items are included to make up the machine cost per hour as shown in Table 18-19. 


Fixed Cost 
Depreciation 
Interest 
Insurance 
Taxes 


Variable Cost 
Fuel oil, gasoline 
Lubricating oil 
Grease 

Repairs, including labor 
Operator 


Figure 13-48 illustrates the system used to handle coal at the Polymer plant, near 
Sarnia, Ontario. Self-unloading vessels dump the coal onto a conveying-belt system 
which deposits the coal on a transfer pile. The tractor carryall takes the coal to the 
storage pile. For reclaiming, the coal is taken by the tractor carryall to a sunken 
hopper. Belt conveyors bring the coal to the central station. 

For further details on the bulldozer and carryall, consult Caterpillar Tractor Co., 
Peoria, Ill., and R. G. Le Toumeau Inc., Peoria, Ill. 
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SPONTANEOUS COMBUSTION^ 

Storage-pile heating is caused by the igniting of oxygen in the air with the coal. 
The rate at which oxygen unites with coal progressively increases with temperature. 

Successful storage of coal requires either an unrestricted flow of air throughout the 
pile, which removes the heat of oxidation as rapidly as it is formed, or the practical 
absence of air flow within the pile, thus to limit the rate of oxidation. 

The rate at which coal will absorb oxygen and generate heat is dependent upon: 

1. The temperature at which the coal is stored 

2. The size of the coal and distribution of sizes when placed in storage 

3. Moisture conditions at the time of storage 

4. The quantity and fineness of pyrites in the coal 

5. The conditions of ventilation throughout the storage pile 

6. The methods used in placing the coal in storage 

The hazard of storing coal is dependent upon the combined effect of all these factors. 
One factor may favorably modify the normally adverse effect of another or, if both are 
adverse, the combined effect may be greater than the sum or product of the two if they 
could have been given numerical values. 

Effect of Temperature. Coal starts to oxidize and burn slowly upon exposure to 
air. The rate of oxidation roughly doubles for each 15°F rise in temperature. Above 
85°F, oxidation becomes appreciable, and 150°F represents the danger point for many 
coals. Low-rank (;oals, owing to high bed moisture and high oxygen content, tend to 
oxidize at a faster rate for any given temperature than high-rank coals having low bed 
moisture and oxygen content. This explains one of the reasons why Eastern coals 
tend to store better than Middle Western coals. 

For these reasons, coal storage during extremely hot weather should be carried on 
only when adequate equipment is available so the various sizes may be mixed together 
and compacted in the pile, thus excluding air and preventing it from entering the pile. 

Effect of Segregation. A coal pile heats because of oxidation and cools because of 
radiation and convection. When coal segregates as it is placed in the pile, ventilation 
becomes (jomplicated and air currents are restricted in some sections and flow freely 
in others. The flues resulting from the coarse coal separating from the fines will allow 
considerable freedom of air movement, permitting that section to remain compara¬ 
tively cool, while the fine-coal section, if somewhat damp, will pack so that little or 
no air will circulate and the coal will remain cool because of lack of air to oxidize the 
coal. Another section will contain flues of coarse and fine sizes which will restrict 
the movement of air, allowing sufficient air for oxidation but insufficient air to remove 
the heat of oxidation. This results in increased temperatures and a greater rate of 
oxidation, and eventually causes the pile to overheat. 

Effect of Moisture. Experience of those wdio have stored large quantities of coal 
indicates that the storing of wet coal should be avoided if possible. The exact effect 
of moisture upon spontaneous combustion is not known, but the repeated wetting and 
drying of coal seems to increase the danger of heat, owing to (1) the effect moisture 
has upon compacting the fine sizes and its effect upon ventilation; (2) increasing the 
tendencies of weathering and slacking; and (3) increasing the heating activity of the 
pyrites because of chemical reaction. 

Effect of Sulphur. Pyrite is a compound of iron and sulphur which unites with 
oxygen when wet and gives off heat in the process of forming iron sulphate and 
sulphuric acid. Investigations by the U.S. Bureau of Mines have shown that, when 
pyrites are finely divided, the danger of spontaneous heating is increased, owing to 
the increase in total surface area. If the coal is alternately wetted and dried, owing to 

1 Storage of Coal, Ohio Coal Association Research Cleveland, Ohio, 1949. 
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segregation of sizes in the pile which permit seepage, the tendency for the pyrites to 
increase heating from chemical reaction is greatly augmented and eventually may 
cause trouble. 

Careful storage methods will prevent segregation and thus exclude both air and 
moisture from the pile, permitting high-sulphur coals to be stored safely. 

Access of Air, Ventilation. The greatest liability for spontaneous combustion 
occurs when sufficient air enters the pile to oxidize the coal, but insufficient to carry 
away the heat of oxidation as fast as it is generated. If ineffectual or no attempts 
are made to avoid segregation, the storage pile will be made up of a heterogeneous 
pattern of sizes which produce flues for the movement of air. Under these conditions, 
air will enter the pile in amounts depending upon wind velocity, the relation of 
ambient and internal-pile temperature, and chimney effect. 

Since oxidation takes place on the coal surface, the smaller the size the greater the 
surface exposed and the more rapid will be the heating. The areas adjacent to the 
flues, caused by the coarse coal separating from the fines, are particularly vulnerable 
to overheating, and for this reason segregation must be avoided if the successful 
storage of coal is to be accomplished. 

Preventing Fires in Coal Storage Piles^ 

Coal can ignite and burn only in the presence of oxygen. To prevent ignition, it is 
necessary to keep oxygen from being supplied to the coal in a pile in sufficdent quanti¬ 
ties and at such a rate as to promote combustion. If air can penetrate a pile of (;oal, 
oxidation will occur at some rate which is a function of the temperature of the coal 
and the air. If the temperature rises as a result of this oxidation, the rate increases, 
and the rise in temperature is accelerated until fire occurs. If, however, the rate of 
supply of oxygen is so low that the dissipation of heat is equal to the heat generated, 
there will be no rise in temperature and the coal will not fire, although there may be 
some deterioration in the coal. This deterioration takes the form of a redu(!tion of 
the heat value of the coal by an amount equal to the oxidation of the combustible 
matter. 

The firing of coal in storage piles may be prevented by excluding the air. Coal 
should be laid down in uniforni layers in such a manner that there is a minimum 
segregation of coarse and fines. It is desirable to pack each layer so that the greatest 
possible density is maintained throughout the pile. Thorough mixing of the coal 
sizes, together with packing, reduces voids through which air can pass. The edges of 
the pile should be sloped for drainage and sealed. Fines, well packed on the slopes, 
provide a very good seal against air infiltration. 

Storage-pile Fires with Anthracite 

Probably because of its low volatile content (combined with a relatively high ignition 
temperature, no authenticated case of spontaneous combustion has ever been reported 
in a storage pile of any size of anthracite. 

Occasional fires have occurred in anthracite storage piles, but whenever they were 
expertly traced they were found to be due to one of the following causes: 

1. A mixture of bituminous coal with the anthracite, either intentionally or through 
carelessness. The latter includes the handling of anthracite in trucks or other equip¬ 
ment improperly cleaned after handling bituminous, the mixing of screened yard 
fines with small anthracite where the former were collected indiscriminately and 
included bituminous screenings, and the placement of anthracite in a bin which still 
contains some bituminous coal. 

^ Cbaiq, Oluson, Meeting Wartime Fuel Problems. Mech, Eng., vol. 64, No. 10, p. 697, October, 
1942. 
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2. The contamination of the anthracite by materials subject to spontaneous com¬ 
bustion. This includes oily rags, trash, and other inflammable materials. 

3. A source other than the coal but in the coal, such as a leaking oil or gas line. 
Sometimes a leaking steam line running through the coal will be erroneously reported 
as a fire. 

Finn! cailg attention to the fact that water can safely be used with such fires in an 
anthracite fire but not with bituminous coal. 

DUST-EXPLOSION HAZARDS* 

As is shown in Table 18-20, virtually all hydrocarbons and carbohydrates, fertilizers, 
resins, waxes, and finely divided metals are capable of varying degrees and rates of 
ignition under the right circumstances. 

The only exceptions, in several hundred materials included in the study, were 
anthracite dust and animal charcoal. 

Actually, dust explosions have occurred in practically all kinds of grain-handling 
plants, such as grain elevators, flour and feed mills, and starch factories; and in many 
industries associated with the processing of agricultural products, such as sugar 
refining, the preparation of cocoa, chocolate, malt, powdered milk, and other food 
products, coal mines, wood pulp, wood products, soap powder, paper products, 
insecticides, fertilizers, and many others. 

Determination of Explosiveness. A method that is easy and fairly reliable, but 
not infallible, is to pour the dust to be tested on a piece of cheesecloth about a yard 
square and, after gathering the ends to form a bag, shake dust through the cloth onto 
a burning match or other source of ignition. If the dust ignites, it is definite proof 
that it will explode when mixed with air in the proper proportions. Care must be 
taken to prevent burning the persons making the test. This method should not be 
used to test aluminum or magnesium powder. 

Dust Explosions During Firefighting 

Causes. Some of the most serious dust explosions have occurred during firefight¬ 
ing. These may be classified as follows: 

1. Explosions caused by the full stream of high-pressure water striking settled or 
static dust in various parts of the building. The water forces the dust cloud on the 
flames, and an explosion results. 

2. Explosions that o(!Cur when firemen attempt to remove dust or powdered prod¬ 
ucts from bins or other enclosures. When in the form of a cloud, these materials 
readily ignite upon coming in contact with the flames. 

3. Explosions caused by falling floors or the dropping of the bottoms of storage bins, 
forcing the dust cloud on the fire and resulting in an explosion. 

4. Explosions that result from the chemical reaction between water and dust. For 
example, a violent reaction takes place when water is applied to hot aluminum powder. 
Hydrogen is liberated and may form explosive mixtures with the air. The oxygen 
from the water also unites with the aluminum, resulting in rapid combustion. 

Mechanism of Dust Explosions. A dust explosion consists essentially of pressure 
produced by the rapid burning of dust suspended in air. The pressure produced by 
the rapid burning of the dust cloud end the rate of pressure rise are responsible for the 
damage caused by the explosion. The rate of burning of the dust cloud is affected by 
the size, the ease of ignition, the heat of combustion of the dust particles, and the 
concentration of the dust in the air. At least 80 per cent of the pressure is due to the 
expansion of the gaseous products of combustion and the residual air brought about by 
the heat from the rapid combustion. In some cases the rest of the pressure is the 

1 Finn, E. E., consulting engineer, Anthracite Institute. 

* Dust Explosions during Fire Fighting, U.S, Dept. Agr. Ctre. 386, March, 1936. 
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Table 18-20. Time-pressure Data for Various Dusts^ 

(Providing an indication of relative explosibility) 


Material 

Concentration, 100 mg/P 

Concentration, 500 mg/P 

Max 

pressure, 

psi 

Avg rate 
of pres¬ 
sure rise, 
Ib/sq 
in./sec 

Max rate 
of pres¬ 
sure nse, 
fb/sq 
in./sec 

Max 

pressure, 

psi 

Avg rate 
of pres¬ 
sure rise, 
Ib/sq 
m./sec 

Max rate 
of pres¬ 
sure rise, 
Ib/sq 
in./sec 

Carbon, coal, etc. 







Wood charcoal. 

23 

165 

266 

42 

146 

294 

Bituminous coal (Pittsburgh) 

23 

255 

562 

42 

252 

588 

Coal-tar pitch. 

22 

177 

344 

24 

127 

259 

Coke . 

13 

58 

87 

26 

69 

117 

Lampblack . 

10 

73 

119 

a 

a 

a 

Carbon flour . 

4 

28 

28'> 

3 

23 

23'' 

Graphite . 

2 

e 

C 

1 

C 

C 

Anthracite . 

0 

0 

0 

0 

0 

0 

Animal charcoal . 

0 

0 

0 

0 

0 

0 

Food products and by-products 







Cellulose 

27 

284 

814 

46 

414 

1,111 

Rice starch 

26 

233 

546 

41 

218 

852 

Potato starch 

18 

138 

361 

38 

257 

722 

Hard winter-wheat flour . ... 

21 

127 

363 

40 

219 

614 

Spring-wheat flour. 

20 

121 

330 

34 

177 

567 

Bran 

4 

23 

23'' 

30 

121 

288 

Wheat-elevator dust 

20 

154 

311 

46 

329 

720 

Cracker meal 

20 

108 

272 

41 

240 

481 

Wheat smut (No. 1).. 

21 

111 

328 

40 

169 

567 

Cornstarch 

23 

166 

577 

43 

360 

863 

Alkali starch 

a 

n 

a 

47 

483 

1,076 

Com-elevator dust . 

23 

237 

570 

43 

299 

865 

Yellow corn meal 

13 

77 

121 

36 

165 

411 

Barley flour .... 

19 

119 

242 

35 

271 

739 

Barley-elevator dust .... 

14 

76 

175 

37 

127 

404 

Malt. 

22 

177 

403 

36 

179 

541 

Rye flour 

20 

132 

465 

36 

295 

722 

Tapioca flour . 

20 

210 

529 

42 

278 

715 

Soybean flour . 

15 

101 

260 

26 

87 

251 

Peanut-hull flour 

14 

65 

119 

29 

118 

350 

Oat dust from dry kiln . ... 

23 

216 

558 

43 

329 

841 

Oat hulls . 

12 

62 

132 

35 

121 

254 

Oat-elevator dust . . 

20 

135 

383 

38 

139 

601 

Kafir com 

20 

144 

345 

41 

301 

831 

Alfalfa . 

16 

93 

172 

32 

117 

289 

Gelatin . 

28 

214 

470 

a 

a 

a 

Egg albumen . 

13 

54 

84 

30 

134 

280 

Linseed meal. ... 

12 

65 

141 

25 

99 

216 

Cottonseed meal . ... 

7 

32 

58 

22 

83 

145 

Cocoa. . 

5 

33 

45 

23 

79 

218 

Powdered skim milk . . 

26 

209 

465 

41 

210 

423 

Powdered buttermilk .... 

20 

118 

226 

42 

176 

320 

Powdered milk .. 

4 

19 

25 

a 

a 

a 

Powdered whole milk. 

17 

91 

219 

31 

142 

441 

Smoking tobacco . 

7 

36 

SO*' 

23 

95 

150 

Tobacco-stem dust . 

1 

e 

C 

1 

C 

C 

Wood, paper, tanning materials, etc. 







Redwood . 

25 

256 

528 

40 

256 

666 

Redwood bark.. . 

22 

201 

413 

38 

250 

557 

White pine. 

23 

146 

603 

44 

1.56 

459 

California white pine . 

21 

127 

391 

43 

163 

603 

Longleaf yellow pine 

22 

177 

467 

43 

196 

516 

Maple. 

23 

177 

522 

37 

142 

516 

Oak. . 

22 

155 

461 

40 

162 

552 

Cedar.. . 

22 

210 

548 

40 

221 

725 

Spruce. 

21 

164 

456 

39 

145 

4.56 
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Table 18-20. Time-pressure Data for Various Dusts. ^ {C(mtinued) 


Material 

Concentration, 100 mg/l 

Concentration, 500 mg/l 

Max 

pressure, 

psi 

Avg rate 
of pres¬ 
sure rise, 
Ib/sq 
in./sec 

Max rate 
of pres¬ 
sure rise, 
Ib/sq 
in /sec 

Max 

pressure, 

psi 

Avg rate 
of pres¬ 
sure rise, 
Ib/sq 
in./sec 

Max rate 
of pres¬ 
sure rise, 
Ib/sq 
in./sec 

Fir . 

18 

117 

265 

37 

149 

365 

Cork. 

25 

251 

588 

40 

185 

518 

Black oak bark . 

23 

244 

632 

38 

141 

412 

Chestnut wood. 

27 

242 

856 

40 

203 

578 

Chestnut oak bark. 

23 

161 

578 

39 

144 

467 

Fertilizers 







Soluble blood flour . 

26 

189 

357 

51 

220 

530 

Raw bone . . . 

21 

182 

431 

39 

230 

503 

Steamed bone . ... 

2 

17 

17b 

3 

27 

27*» 

Fish meal ... . 

17 

115 

188 

34 

170 

339 

Resins, waxes, soaps 







Soap powder 

32 

238 

600 

42 

164 

325 

Sodium resinate 

31 

185 

430 

36 

166 

357 

Phenol aldehyde resin. 

28 

268 

648 

39 

124 

883 

Shellac ... . . 

27 

184 

864 

31 

145 

365 

Metals 







Aluminum . . 

23 

170 

513 

40 

240 

724 

Magnesium .. 

23 

140 

469 

49 

270 

788 

Iron . 

6 

29 

36 

19 

62 

105 

Zinc 

3 

19 

19'= 

8 

53 

103 

Gold bronze 

2 

12 

12« 

3 

20 

20* 

Miscellaneous 







Hard rubber 

23 

265 

593 

37 

248 

504 

Sulphur 

17 

101 

230 

32 

90 

301 

Lime-sulphur 

16 

102 

222 

31 

73 

404 


1 Edwards, Padl W., aiul L 11. Lkinbaoh, Explosibihty of Agricultural and Other Dusts as Indicated 
bv Maximum Pressure and Rates of Presstiie Rise, U.S. Dept. Agr. Tech. Bull. 490, pp. 9-13, October, 
1935 

2 The concentration as reported in mg per liter is equivalent to ounces of dust per 1,000 cu ft. 

® Test made at one concentration only. 

Maximum rate of pressure rise was not determined. The value for average rate was inserted, as 
the maximum rate was equal to this at least, 
c An indeterminable value. 


result of an increase in the volume of the gases, the increase depending on the kind of 
dust that is burned. (This does not apply to explosives such as dynamite and smoke¬ 
less powder, which do not depend upon oxygen in the air for combustion.) 

In order to provide a rough relative gauge of the explosiveness of various dusts, the 
U.S. Department of Agriculture has tested and plotted the average rate of pressure 
rise, maximum rate of pressure rise, and maximum pressure for many commonly used 
products. Some of these are shown as Table 18-20. They point out that this is of 
necessity rather arbitrary, as many other field conditions might affect explosiveness; 
however, the tests are comparable and give a splendid indication of the relative 
hazards of the several dusts. 


Combatting Dust Fires 

The U.S. Department of Agriculture^ offers the following general suggestions for 
fighting some of the more common dust fires: 

Grain Elevators. A spray should be used on the fire instead of the full stream of 
the hose. Care should be exercised that the full stream at high pressure does not 

1 Price David J., Dust Explosions during Fire Fighting, U,S, Dept. Agr. Circ. 385, 1936. 
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force settled dust on the burning fire. Men should be kept out of areas most likely 
to be affected should the dust explode. 

Wood-dust Storage Bins. Considerable danger will be incurred if an attempt is 
made to remove the contents of the bin through the bottom. The sawdust will form 
an arch and ignite the cloud of dust when it breaks. The best procedure is to flood 
the bin by turning on the sprinklers and running the hose lines into the top of the bin. 
No attempt should be made to empty the bin until it is completely flooded and water 
starts to run out of the bottom. 

Feed Mills. It is always desirable to fight such fires from the side rather than 
exposing firemen to danger by stationing them directly overhead. In this type of 
plant there is usually added danger from explosion due to the falling of the bottom of 
the bins. This should be carefully watched. 

Aluminum-powder Plants. Great caution should be exercised in the use of water. 
Water should be kept off of the burning area and used exclusively for the protection 
of surrounding buildings. Small fires can be controlled by building a wall of dry sand 
around them to confine the fire until it bums out. Sand or similar material should 
never be thrown on such a fire. 



CHAPTER 19 


HANDLING AND STORING LIQUID AND 
GASEOUS FUELS 


Fuel-oil Handling. 664 

Typical plant layouts. Storage tanks. Oil-fire control. Foam system. Carbon 
dioxide. Occurrence of fires. 

Gas Handling . . 664 

Piping. Incidental equipment. Underground storage of natural gas. 
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FUEL-OIL HANDLING! 


Oil is widely used to generate heat and steam in central stations, industrial plants, 
heating systems, locomotives, and steamships. In addition many large plants in the 
coal-burning areas are installing large oil storage and handling facilities to ensure fuel 
supplies during work stoppages in the coal-mining and rail industries. The handling 
and storage equipment are a large expenditure, but the preparation (heating and 
straining) equipment is a small item. 

Advantages, Storage and Handling. 

1. Less storage space is required than with coal. 

2. Fuel oil is not subjecit to spontaneous combustion. 

3. Fuel oil is the most difficult to ignite of the liquid fuels. 

4. Fuel oil is not subject to deterioration. 

5. Fuel oil provides ease of storage, because of its fluidity, in normally inaccessible 
spaces such as ship double bottoms. 

6. The fluidity of fuel oil makes for ease and rapidity of handling by relatively 
simple pump-heater-pipe system. 

7. Fuel oil is free from dust nuisance and hazard. 

8. Fuel oil is free from expensive manual handling. 

9. Fuel-oil-handling system is less costly than equivalent coal-handling system. 

Disadvantages, Storage and Handling. 

1. Vapors of fuel oil are inflammable and, when mixed with the proper amount of 
air, are explosive. 

2. Storage tank and line leakage are losses. Accumulated vapors from le^akage are 
dangerous. 

Typical Plant Layouts. Marine, Delivery of fuel oil on board a vessel may be 
from an oil barge or from a shore station. The former is employed most frequently 
as delivery may be made while the vessel is discharging or taking on cargo. Flexible 
connections are made from the barge to the filling line on the ship. The oil pump on 
the barge is supplied with steam, either from a boiler on the barge or by a flexible 
steam line from the vessel being bunkered. This steam supply is also tapped for heat¬ 
ing the oil prior to pumping. 

The number and arrangement of tanks in a vessel is usually somewhat more com¬ 
plex than in a shore plant, as a result of the construction of the hull iind the desire of 
the naval architect to utilize the available space efficiently, providing oil storage with 
minimum interference with cargo and machinery space. Fuel oil also offers a con¬ 
venient means of maintaining the stability of the ship, as an oil storagt' tank after 
being drained may be filled with water for ballast. The fuel-filling system is prefer¬ 
ably arranged with overflows so that while bunkering it is necessary to observe the 
level of the oil in only one or two tanks. Such an arrangement permits bunkering at 
maximum speed, with slight danger of loss from overflowing. The amount of oil in 
each tank is determined by direct soundings or by a gauge. A schematic drawing is 
shown in Fig. 19-1. The construction of the fuel-oil tanks should conform to the rules 
and regulations of the U.S. Department of Commerce, Bureau of Marine Inspection 
and Navigation. 

As a part of the oil-tank system on board a vessel, it is customary to provide two 
deep tanks so located that the suction connections from them are above or nearly 

1 Barnard, William N., Frank O. Ellenwood, and Clarence F., IIikhiikield, “Elements of 
Heat-power EngineennK,” 3rd ed., Part II, pp. 5r)9-5()8, John Wiley & Sons, Inc., New York, 
ScHOSNFELD, D. M., and G. P. Haynes, Handling and Burning Fuels on Board American Ships, 
Mech. Eng., March, 1947, pp. 161-167. 
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level with the fuel-oil service pumps. Each such tank is usually of adequate capacity 
to operate the vessel for 30 hr. These tanks are also known as fuel-settling tanks, 
and their purpose is to provide the means for settling out any water that may be 
entrained in the fuel oil. Most water remains in the double-bottom storage tanks as 
a result of incomplete drainage after being used as ballast tanks. These ballast tanks 
are filled with fuel oil from the double bottom or deep tanks by a fuel-oil transfer 
pump, usually utilizing the filling-system piping. The latter tanks are provided with 


Starboard settling tank^ 
Port fining connection 


Port settling 


Fuel oil 
transfer pump ' 



Starboard filling connection 


Valve manifold 


-Starboard inner 
bottom tanks 

"Center line keelson 

'Port inner bottom tanks 


Fu;. 19-1. Schematic arrangement of fuel-oil bunkers, deep tanks or oil settlers, etc. 
{Mechanical Engineering.) 


steam-heating coils of sufficient area to reduce the viscosity of the oil to a degree 
where it is readily puinpable. The fuel-oil-settling tanks are provided with a series 
of steam grids which cause the water to precipitate by lowering the viscosity of the oil 
and helping to break emulsions. A period of 24 hr is allowed for this conditioning 
process, following which the water is stripped off and disposed. The condensate from 
the steam coils and grids is trapped and inspected for possible presence of oil due to 
leakage before it is returned to the boiler feed system. 

From the fiiel-oil-settling tanks the oil passes into the suction of the fuel-oil service 
jnimii, thence through the preheaters to the burners. Strainers at the suction and 



Fig. 19-la. Schematic arrangement of fuel-oil service pumps, heaters, strainers, and 
burners. {Mechanical Engineering.) 

the discharge of the fuel-oil service pump protect the pump and the burners from 
becoming fouled by any foreign substance present in the fuel oil (Fig. 19-la). 

Stationary Systems. The stationary system does not differ greatly from the marine 
rystem, except in the matter of the storage and settling tanks. Shown in Fig. 19-2 
is schematic representation of a stationary system. Oil warmed by a coil heater is 
drawn from the storage tank through a suction strainer by a rotary pump. It is then 
sent through an oil heater and raised to the desired temperature for the required con¬ 
ditions at the burner. From the heater, it passes through a pressure strainer and 
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then to the burner. The strainers and the heaters are made in duplicate to facilitate 
maintenance while the system is in operation. 

Where the storage tanks are located outside the building where the oil is utilized, 
the oil must be pumped from the tank through pipes to point of use. As these pipes 
are generally outdoors, they are subject to low-temperature conditions in the winter, 
making the oil difficult to pump. Provisions should be made to keep the connecting 
oil lines sufficiently warm so that service is not interrupted by low-temperature 
conditions. 



Fig. 19-2. Stationary oil-burner flow diagram. (Schutte & Koerting Co.) 

Storage tanks' for oil should preferably be located outside of buildings and under¬ 
ground with the top of the tank below the level of all piping to which the tank is 
connected, to prevent discharge of oil through a broken pipe or connection by 
siphoning. 

Underground tanks shall be so buried as to have a cover of earth not less than 2 ft 
thick, or shall be covered with not less than 1 ft of earth on top of which shall be placed 
a slab of reinforced concrete not less than 4 in. thick. The slab shall be set on a firm 
well-tamped earth foundation and shall extend at least 1 ft beyond the tank in all 
directions. Where tanks are buried underneath buildings, such a concrete slab shall 
be provided in every instan(;e. 

Tanks inside Buildings. Oil-supply tanks larger than 60 gal c.apacity shall not be 
located in buildings above the lowest story, cellar, or basement. 

Unenclosed inside storage tanks and auxiliary tanks shall not be located within 7 ft, 
horizontally, of any fire or flame. 

Oil-supply tanks located inside buildings shall not exceed 275 gal individual capacity 
or 550 gal aggregate capacity (in one building) unless installed in an approved brick 
or concrete enclosure or casing. 

In buildings of ordinary construction, the nominal gross capacity of tanks shall not 
exceed 5,000 gal. 

In fire-resistant buildings, the nominal gross capacity of the tanks shall not exceed 
15,000 gal. 

In any building, if in a fire-resistant or detached room cut off vertically and hori- 

^ Natl. Board Fire Underwriters Pamphlet 31, New York, March, 1947. 
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zontally, in an approved manner, from other floors of the main building, the nominal 
gross capacity of tanks shall not exceed 50,000 gal, with an individual tank capacity 
not exceeding 25,000 gal. See Table 19-1 for outside tank locations. 


Table 19-1. Outside Tank Location^ 


Type 
of tank 

All steel 
gastight 
of ap¬ 
proved 

Approved at¬ 
tached extin¬ 
guishing sys¬ 
tem or ap- 

Liquid stored 

Required distance 
between shell of 
tank and property 

Max distance 
required 


construc¬ 

tion 

proved floating 
roof 


line or nearest 
building 

Group A 

Yes 

Equipped with 

Refined petroleum prod- 

1 times greatest di- 

Need not ex- 



either 

ucts or other flamma- 

mension— diameter. 

ceed 120 feet 




ble liquids not subject 
to boil-over 

length, or height 


Group B 

Yes 

Not equipped 

Refined petroleum prod¬ 

IH times greatest 

Need not ex¬ 



with either 

ucts or other flamma¬ 

dimension—diam¬ 

ceed 175 feet 




ble liquids not subject 

eter, length, or 





to boil-over 

height 


Group C 

Yes 

Equipped with 

Crude petroleum or 

2 times greatest di¬ 

Need not ex¬ 



either 

other flammable liquid 

mension—diameter. 

ceed 175 ft 




subject to boil-over 

length, or height 

and not less 
than 20 ft . 

Group D 

Yes 

Not equipped 

Crude petroleum or 

3 times greatest di¬ 

Not less than 



with cither 

other flammable liquid 

mension—diameter. 

20 ft and need 




subject to boil-over 

length, or height 

not exceed 350 
ft 


Note: The niiniinum distance between shells of any two all-steel gastight tanks shall not be less than 

the greatest dimension—diameter, length, or height—of smaller tank, except that such distance 
shall not be less than 3 ft, and for tanks of 18,000 gal or less, the distance need not exceed 3 ft. Tanks 
shall be so located as to avoid possible danger from high water. When tanks are located on a stream 
without tide, they shall, where possible, be downstream from burnable property. 

1 Nail. Board Fire Underwriters Pamphlet 31, New York, March, 1947. 

Embankments or Dikes. In locations where aboveground tanks are liable, in case of 
breakage or overflow, to endanger surrounding property, each tank shall be protected 
by an embankment or dike of approved 
construction. Such dikes shall have a 
capacity of not less than that of the tank 
or tanks surrounded. Small tanks with 
capacities of not over 25,000 gal each 
may be grouped and a dike built around 
the group of tanks. 

Construction of Tanks. Underground 
tanks and tanks inside buildings shall be 
constructed of steel or wrought iron of 
a minimum gauge (U.S. Standard) in 
accordance with Table 19-2, except that, 
for tanks of 181 to 275 gal capacity, 
installed in buildings, and without 
masonary enclosures, the minimum gauge 
shall be No. 14 steel, or wrought iron 
thinner than No. 7 gauge used in the 
construction of underground and enclosed tanks shall be galvanized. 

Outside aboveground tanks, including tops, shall be constructed of steel or wrought 
iron of a thickness in accordance with the requirements in Table 19-3, and the 
following. 


Table 19-2. Storage-tank Shell 
Thickness 


Capacity, 

gal 

Min 

thickness 

Weight, 
Ib/sq ft 

7- 285 

16 gauge 

2 50 

286- 560 

14 gauge 

3 125 

561- 1,100 

12 gauge 

4 375 

1,101- 4,000 

7 gauge 

7 50 

4,001-12,000 

>4 in. (nominal) 

10 00 

12,001-20,000 

Me in. (nominal) 

12 50 

20,001-30,000 

^8 in. (nominal) 

15 00 


Note: If adequate internal bratung is provided, 
tanks of 12,001 to 30,000 gal capacity may be 
built of >4 plate. For tanks larger than 1,100 
gal capacity, a tolerance of 10 per cent in capacity 
is permitted. 
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Table 19-3. 'Roiizonial or 
Vertical Tanks Not over 
1,100 Gal Capacity 

(Standard thickness of material) 
Mtn Thickness of 
Capacity^ Material, U.S. 

Gal Standard Gauge 

1- 60 18 

61- 360 16 

361- 660 14 

661-1,100 12 

The thickness of shell plates 


Horizontal Tanka over 1,100 Gal Capacity. Tanks 
having a diameter of not over 6 ft shall be made of 
at least Ke-bi. steel or wrought iron. 

Tanks having a diameter of over 6 ft and less than 
llj^ ft shall be of at least 3^-in. steel or wrought 
iron. 

Vertical Tanks over 1,100 Gal Capacity. The mini¬ 
mum thickness of shell or bottom shall be Ke in. 
The minimum thickness of roof shall be % in. 
shall be in accordance with the following formula: 


H XD 
8,450 X E 


where t = thickness of plate, in. 

H — height of tank, ft above bottom of ring under consideration 

D = diameter of tank, ft 

E = efficiency of vertical joint in ring under consideration 
In computing the efficiency of vertical joints, the tensile strength of steel shall be 
taken as 55,000 psi and the shearing strength of rivets as 40,000 psi. 

Protective Coating. Prior to installation, underground and enclosed tanks shall be 
protected against corrosion on the outside in a manner satisfactory to the inspection 
department having jurisdiction, but in every case at least equivalent to two prelimi¬ 
nary coatings of red lead followed by a heavy coating of hot asphalt. 


Afa/n steam connection 
strainer and blowout 
vatve.^ 


on dis¬ 
charge 
pressure 
gage-^^ 


Check valve ^ 
f Steam pressure gage \ 


f Pump relief valve 



1 

_ 

■COmo 




Combined'__ 
temp, and 
pressure 
regulator 
or cpntrot 


^Heater 
Diaphragm relief valve^ 


^ Thermometer 
' Compound gages 



Heater relief valve' 


Strainer 

"on return to tank 

■ ^ tX}— 

'steam condensate 
connections with 
strainer and trap 


Fig. 19-3. Pump and heater set. Diagrammatic representation of the piping and con¬ 
trols and the flow of oil and steam. (T/ie Engineer Company.) 


Vents. Storage tanks shall (except for hydraulic or inert-gas systems) be equipped 
with an open vent or an approved automatic vent operated to discharge to the open 
air. Vent openings and vent pipes shall be of ample size to prevent abnormal pressure 
daring filling, but not smaller than pipe size. Vents shall be installed in an 

approved manner. 

Delivery. Where the plant is supplied by tank car on a railroad spur to the plant, 
many systems have an auxiliary tank of about 15,000 gal (slightly more than the 
volume of the normal tank car) close to the transfer-pump house. The transfer 
pump is used to pump the oil through a strainer from the auxiliary to the main storage 
tank. 
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Fig. 19-4. Capacutv of cylindrical tanks in cubic feet and gallons. 


Table 19-4. £nco Fuel-oil Pumping and Heating Systems^ 


Size 

No. 

Capacity 

Pump dzey in. 

Pipe sizes, in. 

l 

Weight, 

lb 

For 
heat¬ 
ing lb 

For 
pump¬ 
ing lb 

‘Gpm 

Gph 

Hp 

j 

Oil 

Steam 



In¬ 

let 

Dis¬ 

charge 

In¬ 

let 

Exit 


hr 

hr 

0 

3 

180 

500 

3 X 2 X 3 

IK 

1 

K 


1,200 

. 73 

65 

1 

5 

300 

1,000 

3H X 2K X 4 

IK 

1 

K 

' K' 

2,000 

122 

109 

2 

^\2 

450 

1,500 

4H X 2^ X 4 

2 

IK 

K 

1 

3,000 

182' 

163' 

3 

10 

600 

2,000 

5M X 3H X 5 

2M 

IK 

1 

IK 

3,500 

244 

218 

4 

15 

900 

3,000 

5K X 3H X 5 

2K 

IK 

1 

IK 

4,000 

365 

327 

h 

20-25 

1.500 

5,000 

6 X 4 X 6 

3 

2 

IK 

IK 

5,000 

609 

545 

6 

25-35 

2.100 

7,000 

7H X 5 X 6 

4 

2K 

IK 

2 

8.000 

852 

763 

7 

35-50 

3,000 

9,000 

7H X 5 X 10 

4 

3 

IK 

2 

9,000 

1,218 

1,090 


1 The Engineer Co. 
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Fueh-oil Pumps, There are four main types of pumps commonly used in fuel- 
burning systems. They are the double screw, the gear pump, the vane or rotary, and 
the reciprocating. 

Pump and Heater Sets. To handle the fuel oil from storage tank to the burner, there 
is frequently installed a duplex unit consisting of an assembly of strainers, pumps, 
heaters, regulators, thermometers, pressure gauges, and any other control or instru¬ 
ment that is required. A diagrammatic sketch of such a unit is shown in Fig. 19-3. 

Oil-fire Control 

The usual types of oil-fire-extinguishing equipment rely on smothering the flame 
by reducing the supply of oxygen so that combustion cannot be maintained. In 


, Frangible disk -glass 
/ 



Fig. 19-6. Type C foam chamber. Frangible disk prevents leakage. This disk is sealed 
in position, and when foam pressure is applied it is ruptuied, permitting the foam to enter 
the tank. {National Foam System, Inc.) 


Type 

Capacity, Kpni, foam-maker pressure 

Solution 
pipe sizes, 
normal run, 
in. 

50 lb/in.2 

100 lb/m.2 

Water | 

85 

170 

225 

F oam 

Water 

Foam 

C-6 

C-12 

C-24 

C-30 

425 

850 

1,700 

2,550 

60 

120 

240 

360 

600 

1,200 

2,400 

3,600 

2 

3 

4 


general these are of two types, a tenacious foam and an inert gas such as carbon 
dioxide. 

Foam System. Effective foam is that having high cohesive and adhesive proper¬ 
ties. Gk)od foam must flow freely enough to (;over a tank surface rapidly and be 
heavy enough to provide a gastight blanket. Light frothy foam breaks down quickly 
under high temperatures and is more easily carried away by drafts. The stabilizing 
agent used in compoimding foam chemicals is of utmost importance, as it is upon this 
that the quality of the foam bubbles depends. 

Either fresh water or sea water may be used to produce foam by the dry-powder- 
generator method. The temperature of the water may be that of the common sources 
of supply. 
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Fig. 19-6. Type L foam chamber. This type affords about 50 per cent saving in liquid 
requirements over type C of Fig. 19-5. When foam pressure is applied, the coarsely woven 
asbestos tube, coiled in the chamber, is expelled and as it floats on the surface of the liquid 
the foam exudes from the openings in the mesh. Splashing is avoided and the foam is 
greatly conserved. An absolutely gastight installation is provided by the frangible plate. 
{National Foam System, Inc.) 


Type 

Capacity, gpm, foam-maker pressure 

i 

Size 

Moeller-F oman 
asbestos tube 

Solution 
pipe sizes, 
normal run, 
in. 

50 lb/in.2 

1 

100 lb/in.2 

Water 

Foam 

Water 

Foam 

L-12 

85 

850 

120 

1,200 

7 in. X 40 ft 

2H 

1^24 

170 

1,700 

240 

2,400 

10 in. X 50 ft 

3 

L-36 

225 

2.550 

360 

3,600 

10 m. X 50 ft 

4 


Type MC or ML foam chamber^ 



Fig. 19-7, Protection of oil-storage tanks by stationary foam system. The 6 per cent 
solution of foam and water, proportioned at the pump, is fed to the foam generators where 
the requisite air is added to make the foam. {National Foam System, Inc., Philadelphia, 
Pa.) 


The most effective means of introducing foam to a tank is through the medium of a 
foam chamber (see Figs. 19-5 and 19-6) designed to remain in position in case of an 
explosion and also to provide a suitable rupturable diaphragm to prevent the con¬ 
densation vapors in the foam-solution lines. It is the consensus among users of foam 
equipment that **roof-type” chambers are obsolete. 

In the absence of foam chambers, foam may be applied through portable foam 
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towers or by means of hose streams. For spills or dike fires, hose streams are fre¬ 
quently the only means of protecting adjoining property. With the modern devices 
producing as high as 4,500 gpm, foam may be thrown by hose streams in excess of 
150 ft. Foam hydrants (Fig. 19-7) are therefore an important accessory for both 
single- and dual-line layouts. 


Table 19-6. Foam Quantities for Various Tank Diameters and Liquid Fuels ^ 

(Foam cheiiucalH in pounds, when type L chambers are used) 


Tank diam, ft 

Tank area, 
sq ft 

Gasoline, 
benzol, etc. 

Kerosene, 
light furnace 
oils, etc. 

Lubricating 
oils, residuum, 
etc. 

All crude 
petroleums 

15 

177 

600 

500 

400 

700 

18 

254 

900 

700 

500 

1,000 

25 

491 

1,600 

1,300 

1,000 

2,000 

30 

707 

2,400 

1,900 

1,400 

2,800 

36 

1,018 

3,400 

2,700 

2,100 

4,100 

48 

1,810 

6,000 

4,800 

3,600 

7,200 

60 

2,827 

9,500 

7,600 

5,800 

11.500 

70 

3,849 

13,000 

10,200 

7,800 

15,400 

78 

4,778 

16,000 

12,800 

9,500 

19,000 

90 

6,362 

21,200 

17,000 

12,800 

25,400 

102 

8,171 

27,300 

21,800 

16,500 

33,000 

115 

10,.387 

34,500 

27,600 

20,800 

41,500 

120 

11,310 

37,800 

30,200 

22,500 

45,000 

144 

16,286 

54,000 

43,200 

32,500 

65,000 


1 National Foam System, Inc., Philadelphia, Pa. 


Table 19-6. Foam Quantities for Various Tank Diameters and Liquid Fuels 

(P'oam chcm 4 <'als in pounds, when typo C chambers arc used) 


Tank diam, ft 

Tank area, 

8(1 ft 

Gasoline, 
benzol, etc. 

Kerosene, light 
furnace oils, 
etc. 

Lubricating 
oils, residuum, 
etc. 

All crude 
petroleums 

15 

177 

1,200 

700 

600 

1,200 

18 

254 

1,700 

1,000 

900 

1,700 

25 

491 

3,300 

2,000 

1,600 

3,300 

30 

707 

4,700 

2,800 

2,400 

4,700 

36 

1,018 

6,800 

4,100 

3,400 

6,800 

48 

1,810 

12,000 

7,200 

6,000 

12,000 

60 

2,827 

19,000 

11,500 

9,500 

19,000 

70 

3,849 

26,000 

15,400 

13,000 

26,000 

78 

4,778 

32,000 

19,000 

16,000 

32,000 

90 

6,362 

42,500 

25,400 

21,200 

42,500 

102 

8,171 

54,500 

33,000 

27,300 

54,500 

115 

10,387 

69 000 

41,500 

34,500 

69,000 

120 

11,310 

75,500 

45,000 

37,800 

75,500 

144 

16,286 

108,000 

65,000 

54,000 

108,000 


1 National Foam System, Inc., Philadelphia, Pa. 


The manner in which foam is applied to burning fluid surfaces has a direct bearing 
upon the amount of available chemicals required (Tables 19-5 and 19-6). 

Experience has shown that fighting large fires with foam is most effectively accom¬ 
plished when a large volume is delivered in a short space of time. Units of large 
capacity not only provide greater protection but actually use less chemicals per 
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square foot of surface involved. The loss of foam through flame and draft at tihies 
reaches a point where \inits of small capacity are ineffective. 

Carbon Dioxide.^ This type of fire-extinguishing system is effective primarily 
because it reduces the oxygen content of the air to a point where it will no longer 
support combustion. Under suitable conditions of control and application, a cooling 
effect is also realized. 

A reduction of the oxygen content from the normal 21 to 15 per cent will extinguish 
most fires in spaces which do not include materials that produce glowing embers or 
smoldering fire. 

Carbon dioxide is an inert gas, heavier than air. It is stored under pressure (800 
to 900 psi at room temperature) as a liquid. In general, 1 lb of liquid carbon dioxide 
will produce about 8 cu ft of gas at atmospheric pressure. For fixed installations, 



Fig. 19-8. Diagrammatic layout of typical total-flooding installation. (Walter Kidde 
Co.) 


cylinders containing 50 or 75 lb of CO 2 are usually used. Portable installations may 
be of either smaller or larger weight. 

A total-flooding installation is shown in Fig. 19-8. An absolutely tight enclosure 
is not necessary. Where possible, all openings such as doors and windows should be 
provided with automatic-closing devices. Where this is not practical, the openings 
should be provided by screening the outlet with discharge nozzles. The supply of gas 
should not be less than shown in the following table; 

Where openings are screened by nozzles, larger quantities 
of gas are required. If a smoldering fire can be deep- 
seated, it may be necessary to use quantities of carbon 
dioxide as large as 1 lb per 6 cu ft of volume to be flooded. 

Oil-storage tanks having a surface area of over 250 sq ft are not usually protected 
by carbon dioxide, although it has been used effectively to extinguish fires at vents 
and other openings in the tops of large oil tanks. 

Occurrence of Fires. Table 19-7 was compiled by the National Fire Protection 
Association, Department of Fire Record, Boston, Mass. These figures represent an 


Gas, 

Cu Ft/Lb 
16 
18 
20 
22 


Space Protected, 
CuFt 

Up to 1,600 
Up to 4,500 
Up to 50,000 
Over 50,000 


1 Cbobby, Fibke, and Forster, “ NFPA Handbook of Fire Prevention,' 
National Fire Protection Association, Boston, 1948. 


10th ed., pp. 1109-1117, 
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analysis of typical fires in their files and are by no means a complete record. They 

Oa Tank, Fanns Basis, 209 ^^ht, however, serve as a useful index 

to prevent such fires. 


Table 19-7. 


Broad Breakdown Per Cent 

Special hazards . 45 

Common hazards. . .41 

Unknown causes ... ... 14 

Total. ’ . . .1^ 

Special Hazards 

Tank fire or explosion. . 47 

While cleaning. 18 0 

Spillage while loading. 7.5 

Static spark while loading 6 5 

While riveting or repairing 5 6 

Unknown cause . 5 6 

Material failure.... 32 

Miscellaneous. 0.6 

Tank-truck filling. 17 

Valve or pipe failure . 16 

Pumping. 11 

Miscellaneous. 9 

Total . 100 

Common Hazards 

Lightning . 82 

Exposure. 12 

Grass or similar fire 4 

Incendiary. 2 

Total. 100 


1 National Fire Protection Association. Com¬ 
piled Aug. 8, 1948. 

Gas handling can be summarized as fo] 

1. Piping 

2. Booster or pressure reducer 

3. Safety valve for line-pressure drop 

4. Valves 


GAS HANDLING 

Of all the fuels available, gas has the 
least complicated handling problem and 
from that point of view is the least expen¬ 
sive to install. In general, the supply line 
and the meter are the problem of the 
utility company supplying the gas, and 
the handling equipment from the meter 
is the responsibility of the consumer. 
The utility should always be consulted as 
to the details of the engineering and con¬ 
struction, and their recommendations 
should be followed. The following refer¬ 
ences list gas engineering and appliance 
manufacturers: Brown’s Directory of 
American Gas Co. and Index of Prominent 
Manufacturers, Moore Publishing Co., 
New York; and Gas Engineering and 
Appliance Directory, Gas Age^ Robbins 
Publishing Co., Philadelphia, Pa. 


5. Flowmeter 

Advantages—Storage and Handling of Gas. 

1. Usually no storage space is required as the utility is responsible for delivery. 
Some large gas consumers will have storage tanks. In the case of liquefied petroleum 
gas, storage space is required. 

2. Fuel is not subjected to spontaneous combustion or deterioration, as is coal. 

3. Gas provides the simplest handling problem of any of the fuels, as only piping is 
required along with safety and control equipment. 

4. Gas is free from dust nuisance and hazard. 

5. Gas-handling system is the least costly of all the fuels. 

Disadvantages—Storage and Handling of Gas. Escaped gases are a serious 
menace, as they are explosive when mixed with the proper amount of air. 


Piping 

The calculation of flow in gas pipes is complicated by pipe-flow obstruction of 
roughness, tar, water, and other foreign material, tending to retard the flow of gas 
through the pipe. A well-known formula^ for the flow of gas in pipes under low pres¬ 
sure is as follows: 

sL 

1 Computer, copyrighted, Am. Gas J., New York, 1935. 
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where Q « flow, cu ft/hr 

d = internal diameter of pipe, in. 
pi = initial pressure, in. water 
P 2 — final pressure, in. water 
s = specific gravity of gas (air = 1) 

L = length of pipe, yd 

c = a constant given as 1,000 by Molesworth and as 1,350 by Pole 


Table 19-8. Pressure Drop by Friction of Air* in Pipes^ 










Diain 

of pipes. 

in. 









Velocity, 

fpiu 


1 1 


2 


3 

4 

6 

8 

10 

12 

i 

16 

18 





Pressure, 

oz/s( 

3 in. 

lost 1 

)y friction ol 

' air in pipes 100 j 

ft loni 

S 




100 

0 

on 

0 

006 

0 

004 

0 

003 

0 

002 

0 

001 

0 

001 

0 

,001 

0 

001 

0 

001 

200 

0 

044 

0 

022 

0 

015 

0 

on 

0 

007 

0 

006 

0 

004 

0 

004 

0 

003 

0 

002 

300 

0 

100 

0 

050 

0 

033 

0 

025 

0 

017 

0 

012 

0 

010 

0 

008 

0 

006 

0 

006 

400 

0 

178 

0 

088 

0 

059 

0, 

,044 

0 

030 

0 

022 

0 

018 

0 

015 

0 

on 

0 

010 

500 

0 

278 

0 

139 

0 

092 

0, 

.069 

0 

046 

0 

035 

0 

028 

0 

023 

0 

017 

0 

016 

600 

0 

400 

0 

200 

0. 

133 

0 

100 

0 

067 

0 

050 

0 

040 

0 

033 

0 

025 

0 

022 

700 

0 

544 

•0 

272 

0 

181 

0 

139 

0 

091 

0 

068 

0 

054 

0 

045 

0 

034 

0 

030 

800 

0 

711 

0 

356 

0 

237 

0 

178 

0 

119 

0 

089 

0 

071 

0 

059 

0 

044 

0 

040 

900 

0 

900 

0 

450 

0 

300 

0 

225 

0 

150 

0 

112 

0 

090 

0 

075 

0 

056 

0 

050 

1,000 

1 

111 

0 

.556 

0. 

370 

0 

278 

0. 

185 

0. 

139 

0 

.111 

0 92 

0 

.069 

0 

062 

1,100 

1 

344 

0 

672 

0. 

,448 

0 

.338 

0 

224 

0 

168 

0 

.134 

0 

.112 

0 

.084 

0 

073 

1,200 

1 

600 

0 

800 

0 

533 

0 

.400 

0 

267 

0. 

200 

0 

160 

0 

133 ! 

0 

100 

0 

089 

1,300 

1 

.878 

0 

.939 

0 

626 

0 

.469 

0 

313 

0 

235 

0 

188 

0 

156 

0 

117 

0 

104 

1,400 

2 

178 

1 

089 

0 

726 

0 

544 

0 

363 

0 

282 

0 

218 

0 

181 

0 

136 

0 

121 

1,500 

2 

500 

1 

.250 

0. 

.833 

0, 

.625 

0. 

,417 

0. 

312 

0 

250 1 

0 

208 

0 

156 

0 

.139 

1,600 

2 

844 

1 

.422 

0. 

,948 

0 

.711 

0 

474 

0. 

356 

0 

284 

0 

237 

0 

178 

0 

,158 

1,700 

3 

211 

1 

605 

1 

070 

0 

803 

0 

535 

0 

401 

0 

321 

0 

268 

0 

207 

0 

178 

1,800 

3 

600 

1 

800 

1. 

,200 

0 

.900 

0 

600 

0 

450 

0 

360 

0 

300 

0 

225 

0 

200 

1,900 

4 

on 

2 

006 

1, 

,337 

1 

.003 

0 

669 

0 

501 

0 

401 

0 

.334 

0 

251 

0 

223 

2,000 

4 

444 

2 

222 

1. 

,481 

1, 

.111 

0 

741 

0 

556 

0 

.444 

0 

370 

0 

278 

0 

247 

2,200 

5 

378 

2 

689 

1 

793 

1 

344 

0 

896 

0 

672 

0 

538 

0 

448 

0 

336 

0 

299 

2,400 

6 

400 

3 

200 

2. 

133 

1 

.600 

1 

067 

0 

800 

0 

640 

0 

533 

0 

400 

0 

356 

2,600 

7 

511 

3 

756 

2 

504 

1 

877 

1 

252 

0. 

939 

0 

751 

0 

626 

0 

468 

0 

417 

2,800 

8 

711 

4 

356 

2 

904 

2 

178 

1 

452 

1 

089 

0 

871 

0 

726 

0 

544 

0 

484 

3,000 

10 

000 

5 

000 

3. 

333 

2 

.500 

1 

667 

1. 

250 

1, 

,000 

0. 

.833 

0 

.625 

0 

566 

3,200 

11 

378 

5 

689 

3. 

792 

2 

844 

1. 

,896 

1. 

422 

1, 

.138 

0 

948 

0 

711 

0. 

632 

3,400 

12 

844 

6 

422 

4. 

,281 

3 

211 

2. 

,141 

1. 

606 

1 

284 

1 

070 

0 

827 

0 

714 

3,600 

14 

400 

7 

200 

4 

800 

3 

600 

2 

400 

1 

800 

1 

440 

1, 

.200 

0 

900 

0 

800 

3,800 

16 

044 

8 

022 

5. 

,349 

4 

on 

2 

674 

2 

006 

1 

604 

1 

337 

1 

003 

0 

891 

4,000 

17, 

.778 

8 

889 

5 

926 

4 

444 

2 

963 

2. 

222 

1, 

.778 

1, 

.481 

1 

111 

0 

988 

4,200 



9 

800 

6. 

553 

4 

900 

3 

267 

2 

450 

1, 

,960 

1, 

,633 

1 

225 

1 

089 

4,400 



10 

705 

7 

175 

5 

353 

3 

569 

2 

676 

2 

141 

1 

784 

1 

344 

1 

189 

4,800 



12 

800 

8 

533 

6 

400 

4 

267 

3 

200 

2 

560 

2 

133 

1 

600 

1 

422 

5,200 



15 

022 

10 

015 

7 

511 

5 

007 

3 

756 

3 

004 

2 

504 

1. 

.871 

1 

670 

5,600 



17 

422 

11 

615 

8 

711 

5. 

807 

4 

356 

3 

484 

2 

904 

2, 

,178 

1 

936 

6,000 



20 

000 

13 

333 

10 

000 

6 

667 

5 

000 

1 

4 

000 

3. 

.333 

2 

500 

2 

222 * 


^ Haiick InduHtrial CombuHtion Data, p 97, prepared by Spencer Turbine Co. 

“ For other gases, tlie pressure drop varies directly as the square root of the specific gravity. Thus, 
for a gas (specific gravity = 0.5) with a velocity of 500 fpin in a 4-in. pipe, the pressure drop would be 
0.069 X\/0.5 = 0.048 per 100-ft length of pipe. For other pipe lengths, the pressure drop is directly 
proportional. 

With reasonably clean pipe and under the usual conditions, the use of the following 
constants is suggested: 


Internal diain, in. 

H-1 


2 

-T 

3 

4 and larger 

Constant 

1,000 

1,100 

1,200 

1,300 

1,350 
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Problems involving the sizing of gas pipe using this equation can be readily solved 
by the use of a computer made up of circular sliding scales. This can be purchased 
reasonably from the American Gas Journal. 

An equation taken from ^‘Gaseous Fuelsfor low-pressure flows, in which the 
change in density of the gas is not important and in which the flow is turbulent, is as 
follows: 

^ _ 23Slh^ 631 

^ “ ^0 468 £, 0.643 

where Q = cu ft/hr 

d =* diameter of pipe, in. 

S = specific gravity of the gas at the temperature and pressure in qucvstion 
relative to air at room temperature and 30 in. Ilg 
h = pressure drop, in. water 
L = length of pipe, ft 


A 
48 - 
424 
364 
3o 4 
24-i 

20 - 

18 - 

16-^ 

I 4 J 


r 10,000,000 

^ 6,000,000 

4 4 . 00 Q 000 

- 2,000,000 

• 1,000.000 
- 600,000 
b 400,000 

h 200.000 
100,000 


L 1 V 4 


Pipe dia. 
inches 


L 100 

Cu. ft. / hr. 


B 

2 . 0 - 

1 - 8 - 

1 . 6 - 
1 . 5 - 
1 . 4 - 
1 . 3 - 
1.2^ 
1.1 - 
\.0-. 


0.7i 


0.6-1 



D 

ET 1.0 
^080 
r 0.60 

- 0.40 

- 0.30 

4 o .20 


r0.10 

^0.8 

- 0.6 

- 0.4 

- 0.3 


-001 

- 0.008 

- 0.006 

-0004 

- 0.003 

t-0.002 


0.001 

00008 

0.0006 

00004 

0.0003 

t-0.0002 


0.2-J L0.0001 
Specific h (in.water) 
L(feet) 


gravity 


Fig. 19-9. Flow of gas in commercial pipes. Valid only for turbulent flow at low pres¬ 
sures and for low percentage pre.ssure drops. Note that specific gravity of gas is for actual 
temperature and pressure conditions in the pipe, referred to air at 30 in. of mercury and 
room temperature. To use as in example, connect 10-in. pipe of A to 0.5 specific gravity of 
B to locate point on reference line. From point on reference line connect to h/L ratio of 
D to give the flow of 33,000 cu ft/hr of C. 

1 ScHNXDMAN, L., Editor, “Gaseous Fuels,” pp. 65, 66, AGA, New York, 1948. 
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A nomograph for the convenient graphical solution of the above equation is given 
in Fig. 19-9. 

Valves, elbows, tees, etc., add resistance to gas flow which can be expressed in terms 
equivalent to added feet of pipe. Table 19-9 presents practical data relative to the 
length in feet of standard pipe to allow for fittings. 


Table 19-9. Equivalent Length in Feet of Standard Pipe for Various Screw Fittings^ 


Pipe 

size, 

Elbow 

Valve 

Close 

Tee 

thr<^gh 







return 

in. 

Standard 

Medium 

Long 

Gate 

Globe 

Anf^le 

bend 

outlet 



swoop 

sweep 





K 

0 84 

0 52 

0 41 

0 031 

2 50 

1.12 

1 25 

1 66 

% 

1 17 

0 73 

0 57 

0 044 

3 50 

1 87 

1 75 

2 33 

1 

1 57 

0 98 

0 77 

0 057 

4 68 

2 11 

2 34 

3 11 

1>2 

2 19 

1 37 

1 07 

0 082 

6 54 

2 94 

3 27 

4 35 

2 63 

1 64 

1 29 

0 098 

7 84 

3 52 

3 92 

5 21 

2 

3 55 

2 23 

1 74 

1 320 

10 60 

4 77 

5 30 

7 05 

3 

5 72 

3 59 

2 81 

2 130 

17 08 

7.69 

8.84 

11 40 


^ “Gaseous Fuels,” AGA. 


Incidental Equipment 

A gas booster is used where the gas pressure is too low, and a pressure-reducing 
valve is used where the gas pressure is too high. 

Boosters. A typical radial-vane or paddle-wheel type of gas booster consists of a 
standard pressure blower equipped with a gastight seal around the shaft. The inlet 
and outlet are fitted with gastight connections. The function of the gas booster is 
simply to add its rated pressure to the existing line pressure. Where the high pressure 
is required for peak-load demands, the booster is kept in operation. When the load 
peak recedes and the existing line pressure is sufficient, the booster is shut down. 
The line pressure then forces the gas through the idle booster. 

One of the applications of the gas booster is to plants that have added appliances 
to such an extent that the existing piping is insufficient in size. The use of the 
booster eliminates the necessity of repiping, provided that the supply gas main is of 
ample capacity. 

The gas booster is made in a wide variety of sizes, from to 30 hp, from 4,000 to 
200,000 cu ft per hr, and for pressure increases of 2 to 30 in. water. 

Pressure Reducers. Where the gas pressure is too high, a pressure-reducing valve 
is used. This same valve is also used to supply constant pressure to the appliance. 
Despite variations of the supply pressure (as long as the inlet pressure is above the 
desired outlet pressure), the desired outlet pressure is maintained at that specified. 
The spring-loaded type has an outlet pressure variation of 25 per cent above or below 
pressure specified. There is also available a dead-weight regulator which is used for 
the lower supply pressures. In this type, the outlet pressure is fixed and cannot be 
varied. 

Valves. The function of the valve in the gas-handling system is to control or shut 
off the gas supply. These can be divided into two groups, manual and automatic. 

Manual Valves, The common types of valves as applied to gas handling are the 
gate, the globe, and the one-fourth turncock. 

Automatic Valves, The automatic valve is essentially a controlling device. It can 
be tied in with a safety valve, some temperature-sensitive mechanism, or some form of 
limit control. There are three general types of automatic valves, the solenoid, the 
motorized, and the diaphragm. The comparison of these types is given in Table 
19-10. 
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Table 19-10. Comparison of Automatic Valves 


Type of valve 

Seating 

Action 

Application 


Solenoid. 

Less positive 

Rarnd, gives surges 

Better for on>off control than for throttling 

Motorized . .. 

More positive 

Slower action 

Better for throttling, step control 
control) used for on-off 

(high-low 

Diaphragm. 

More positive 

Slower action 

Better for throttling (high-low 
Used for on-off 

control). 


Safety Valve. In order to eliminate the possible hazards due to line-pressure 
failure, some form of automatic safety should be installed. When the supply pressure 
drops below a predetermined value, the supply line is closed and locked. Without 
such a safety, when the supply pressure drops, the flame may go out unbeknownst to 
the operator. If the gas pressure should rise, the gas would be discharged through the 
unlit burner and be a potential explosive hazard. 

Flowmeters. Unless a gas meter is timed it cannot give an indication of the flow of 
a gas. Also, timing a gas meter gives only an average flow for the timing period. 
Some form of flowmeter is useful to the operator, since it gives a quick indication of 
the rate of gas consumption. In many installations, two flowmeters are set side 
by side, one for the gas and one for the air, so that air and gas may be accurately 
proportioned. 

Underground Storage of Natural Gas 

In addition to the familiar low- and medium-pressure types of gas storage, such as 
the gasometer, two additional methods have recently been developed. 

1. The forcing of gas received from transmission lines back into nearby oil or gas 
wells under high pressure. The gas, thus available for use when needed, relieves peak 
loads on the long-distance pipe lines. 

2. The storage of gas in underground pipes. According to Compressed Air Maga¬ 
zine (vol. 58, No. 8), the Public Service Company of northern Illinois has installed 
buried pipe sections on a IGO-acre tract at Mount Prospect, Ill., having a total capacity 
of 40 million cu ft of natural gas. Seamless pipe of high-carbon molybdenum-alloy 
steel was selected. The outside diameter is 24 in., wall thickness approximately 
in., random lengths averaging 40 ft long. Both ends were forged into hemispherical 
shape at the fabricating plant of the National Tube Co. of Pittsburgh. After being 
stress-relieved, the units were hydrostatically tested at 2,800 psi. The volume of 
each container averages 109.5 cu ft and the weight 5,100 lb, and the capacity is 25,000 
cu ft of natural gas at 2,240 psi. 

Of particular interest was the effect of this high pressure on the compressibility of 
natural gas. It was found possible to force 230 cu ft into each cubic foot of space at 
2,240 psi as contrasted with a calculated 160 cu ft. The capacity of the sections was 
thus increased some 40 per cent. The pipes were buried to minimize seasonal tem¬ 
perature changes. (At 2,240 psi, each 1°F temperature variation causes a 10-lb 
pressure change.) 
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HEAT TRANSFER 


Methods of Heat Transmission 

1. Conduction. When heat is transferred from one object in direct contact with 
another object, or from one portion of an object to another portion of the same object 
without appreciable motion of its molecules, this transfer is called conduction. Gen¬ 
erally, heat transfer through solids is by conduction only. 

2. Convection. Heat is transferred in a fluid (liquid or gaseous) by circulation of 
the fluid which carries the heat from one portion of the fluid to another portion. 

Natural convection occurs in a fluid because of differences in density which are 
caused by temperature gradients in the fluid. The denser or heavier portion of the 
fluid sinks, and the less dense or lighter portion rises. The result of this action causes 
circulation within the fluid. 

Forced convection occurs where there is an external force, such as a pump, to cause 
circulation. 

3. Radiation. Radiant energy is given off in the form of waves that are similar 
to light but differ in frequency. If two bodies at differing temperatures are placed in 
an insulated enclosure, and the enclosure is evacuated of air, there is an interchange of 
energy between them. The body at the higher temperature loses heat to the colder 
body until equilibrium is attained. Even after equilibrium, the exchange of radiant 
energy continues, the radiation and absorption of each body then being equal. 


CONDUCTION! 

For steady-state flow in one direction across a constant cross section of homogeneous 
solids (and fluids where no (convection currents are present) the constant flow of heat 
can be calculated from the following expression: 

kA it2 - ti) kA At , 

9- 1 -- ^ (20-1) 

where q = rate of heat flow, Btu/hr 

k — thermal conductivity, Btu/(hr)(sq ft)(deg F per ft); see Table 20-1 
A = area of heat transfer, a plane perpendicular to direction of heat flow, sq ft 
<2 = higher temperature, deg F 
ti = lower temperature, deg F 
At = ^2 — ti, 

L — distance between points of ti and <?, ft 

Example : Find the heat loss through a steel plate (1 per cent C) 8 ft by 4 ft by in. 
thick with the higher temperature at 250°F and the lower temperature at 150°F. 

Solution: Using Eq. (20-1), from Table 20-1 k = 26.2; also L — J^/12 = 0.0416 ft. 

^ X (S^>^4,»50 - ,«■, . ^ ^ 


Heat Transfer through Resistances in Series. For steady flow, all the heat must 
travel through each of a series of resistances, making the heat current the same through 
each (Fig. 20-1). Temperatures automatically adjust themselves to provide this 
condition. This heat flow may be calculated from 

® “ {U/kaAa) -t- iU/hli) + (LJkAc) 

1 Griswold, J., “Fuels, Combustion, and Furnaces,” pp. 316-331, McGraw-Hill Book Company, 
Inc., New York, i946. 
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where q 

kaj kffj kc 
ay -^bj Ae 

Tjay Lb) Lc 

taj td 


= rate of heat flow, Btu/hr 

= thermal conductivity of each section (Fig. 20-1), Btu/hr/sq ft/deg F/ft 
~ area of heat transfer of each section; for constant cross section of heat 
conduction, such as through flat walls or slabs, these are equal, sq ft 
= length of each section in the direction of heat flow, ft 
= highest and lowest temperature, respectively, deg F 


ta - td ^ At 


Heat Transfer of Thick-walled Cylinders. In many industrially important eases 
of heat transfer through resistances in series the areas are not equal or even approxi¬ 
mately so. The most common case is that of 
heavily insulated pipe. The heat flow in this case 

IS 

^•^av(c(^2 ^l) At 


L 


L 


(20-3) 


where q — rate of heat flow, Btu/hr 

k — thermal conductivity, Btu/(hr)(sq ft) 

(deg F per ft) 

U = higher temperature, deg F 
U = lower temperature, deg F 
At ^ ts - ti 

L — distance between points U and < 2 , ft 
^avg = average area, which may be calculated 
by the following expression 

A = ~ 

*''* 2.3 logio (Ai/Ai) 

where A 2 — outer surface area of cylinder, sq ft 
A 1 = inner surface area of cylinder, sq ft 
Mean Temperature Differences in Heat Exchangers. In a tubular exchanger 
(heater or cooler), the temperature difference changes continuously from one end of 



Fio. 20-1. Temperature drops 
through resistances in 
(conduction). 


the apparatus to the other. The arithmetic average 


( ^initial ~i~ tj inal) • 


is not the correct 


average value unless the temperature differences at the two ends are nearly equal. 

Assuming constant specific heats and a constant over-all heat transfer, it can be 
shown that for certain important cases the proper temperature difference for use in 
the heat-transfer equation is the logarithmic mean temperature, as follows: 


. . _ A^i — At^ 

"" 2.3 logio (Ati/At 2 ) 


(20-4) 


where Atim = logarithmic mean temperature 

A^i = temperature difference at one end of the apparatus, deg F 
A <2 = temperature difference at the other end of the apparatus, deg F 

The logarithmic mean temperature applies to the following cases: 

1. Concurrent and counterflow heat exchangers having a single pass for each fluid, 
as in concentric double-pipe apparatus. 

2. Heaters and coolers in which one fluid is at constant temperature, such as a 
condensing vapor or a boiling fluid. 

Thermal conductivity of a substance may be defined as the amount of heat (Btu) 
that flows in a unit of time (1 hr) through unit area of surface (1 sq ft) of unit thick¬ 
ness (1 ft) having unit difference in temperature between its faces (1®F). The 
resultant factor, usually designated as ky is different from the C factor or conductance 
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in that the latter is the entire actual amount of heat flow in Btu per hour through 1 
sq ft of the entire thickness of the material for a 1°F difference in the temperatures of 
its surfaces; A;, on the other hand, represents the heat flow through unit thickness of 
1 ft. As materials thicknesses of 1 ft were less convenient to the building trades than 
units of inches, k is frequently expressed as the flow for 1 in. thickness instead of 
1 ft. In using tables and values, it is thus important to check for this very material 
difference. 


Table 20-1. Thermal Conductivity of Metals^ 

(Btu/hr sq ft deg F/ft thick) 


Substance 

Temp, 
deg F 

k 

Substance 

Temp, 
deg F 

k 

Metals: 






Aluminum. 

64 

117 

Mercury. 

32 

4 8 


212 

119 

Nickel 

64 

36 

Antimony.. 

32 

10 6 


212 

34 

212 

9 7 

Platinum 

64 

40 2 

Bismuth... 

64 

4 7 


212 

41.9 


212 

3 9 

Silver 

64 

242 

Cadmium.... 

64 

53 7 


212 

238 


212 

r>2 2 

Tantalum 

64 

32 

Copper. 

64 

224 

Tin .. . 

64 

36 

212 

218 


212 

34 

Gold. 

64 

169 

Zinc . . 

64 

65 


212 

170 


212 

04 

Iron, pure . .. 

64 

30 

Alloys: 



212 

36 6 

Brass, yellow 

32 

49 4 

Iron, wrought. 

64 

34 9 

212 

61 5 

212 

34 6 

Brass, red 

32 

59 5 

Iron, cast. 

129 

27 6 

212 

68 3 

216 

26.8 

Constantan (00 % Cu, 40 % Ni) .. 

64 

13 1 

Steel (1% C). 

64 

26 2 

212 

15 5 

212 

25 9 

Nickel silver . . 

32 

16 9 

Steel (13% Cr, 0.2% Ni) 

626 

19 3 


212 

21 5 

Steel (18% Cr, 8% Ni) , 

626 

14 8 

Manganin (84% Cu, 4% Ni, 12% 



Steel (23% Cr, 12% Ni). 

626 

13 8 

Mn) . 

64 

12 8 

Lead. 

64 

20 1 


212 

15 2 


212 

19 8 

Platinoid.. 

64 

14 5 

Magnesium. 

32-212 

92 0 





1 Mabks, Lionel S., “ Mechanical Engineers’ Handbook,” 4th ed., p. 392, McGraw-Hill Book Com¬ 
pany, Inc., 1941. 


Table 20-2. Thermal Conductivity of Insulating Materials at Moderate 
Temperatures (k Factor)^ 

(Btu per hour per square foot, 1 ft thick, per degree F difference in temperature between faces) 


Material 

Weight, 

Ib/cu 

ft 

Temp, dog F 

32 

100 

200 

300 

400 

600 

800 

Asbestos 

36 0 

0 087 

0.097 

0.110 

0.117 

0 121 

0 125 

0 130 

Burned infusonal earth for pipe 









coverings 

12 5 

0 043 

0 046 

0 052 

0 057 

0 062 

0 073 

0 085 

Insulating composition (loose).. 

25 0 

0.040 

0 046 

0 050 

0 053 

0 055 



Cotton. 

5 0 

0 032 

0 035 

0 039 





Silk hair. 

9 1 

0 026 

0 030 

0 034 





SUk. 

6 3 

0 025 

0 028 

0 034 





Wool. 

8 5 

0 022 

0 027 

0 033 





Pulverised cork 1 

10.0 1 

0 021 

0 026 

0 032 





Infusorial earth, loose. l 

22 0 

0 035 

0.039 

0 045 

0 047 

0 050 

0.053 



1 Marks, Lionel S., “Mechanical Engineers’ Handbook,” 4th ed., p. 395, McGraw-Hill Book 
Company, Inc., New York, 1941. 


Thermal conductivity varies widely. For metals and alloys, k is high, while for 
certain insulating materials such as cork, asbestos, and kapok, k is very low. Further, 
most insulating materials, except air spaces and the reflective types, are of a porous 
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nature consisting of combinations of solid matter with small air cells. The thermal 
conductivity of such materials will vary with many such factors such as density, 
mean temperature, size of the fibers or particles, degree and extent of bond between 
particles, moisture or oil present, and the arrangement of fibers or particles trithin 
the material. In the case of metals, k usually decreases with rising temperature, 
while for most other substances the reverse is true. 

Table 20-3. Thermal Conductivity of Various Insulating Materials {k Factor) ^ 

(Btu per hour per square foot 1 ft thick, i)er degree F difference in temperature between faces) 


Material 

Max 
temp, 
deg F 

Mean temp, deg F 

100 

200 

300 

400 

500 

600 

800 

1000 

1500 

2000 

Asbestos felt. 

40 












laminations/in 

700 

0 033 

0 037 

0 040 

0 044 

0 048 






20 laminations/ 












in.. 


500 

0 045 

0 050 

0 055 

0 060 

0.065 






Corrugated asbestos 












(4 ply/in) 


300 

0 050 

0 058 

0 069 








85% magnesia 


600 

0.039 

0.041 

0 043 

0 046 







Diatomaceous 

Sll- 












ica: 













Brick... 


1600 

0 054 

0 050 

0 058 

0 060 

0.063 

0 065 

0 069 

0 073 



Brick . 


2000 

0 127 

0 1.30 

0 133 

0 137 

0 140 

0 143 

0.150 

0 158 

0 176 


Brick 


2500 

0 128 

0 131 

0 1.35 

0 139 

0 143 

0.148 

0.155 

0.163 

0.183 

0 203 

Powder (18 

lb/ 












cu ft) 



0 039 

0 042 

0 044 

0 048 

0 051 

0 054 

0.061 

0 068 



Rock wool . 



0 030 

0 034 

0 039 

0.044 

0 050 

0 057 






Note: Other values: Asbestos cement, 0.1; 85% magnesia cement, 0.05, asbestos and rock wool 
cement, 0.075 approximately. 

1 Marks, Lionel S. “ Mechanical Engineers’ Handbook,” 4th ed., p. 395, McGraw-Hill Book Com¬ 
pany, Inc., New York, 1941. 


Table 20-4. Thermal Conductivity of Materials for Refrigeration and Building 

Insulation {k Factor) ^ 

(Btu per hour per square foot, 1 ft thick, per degree F difference in temperature) 


Material 

Appar¬ 

ent 

den¬ 

sity, 

lb/ 

cu ft 

Mean 
temp, 
deg F 

k 

Material 

Appar¬ 

ent 

den¬ 

sity, 

lb/ 

cu ft 

Mean 

temp. 

k 

Cabots quilt 

4 0 

86 

0 022 

Balsa wool 

2 2 

86 

0 023 

Cork (granulated) 

7.3 

24 

0.028 

Cork board 

10 0 

86 

0 025 

Cork, granulated (baked) 

8 1 

86 

0 026 

Hair felt 

11.0 

86 

0.022 

Dry Zero (kapok) 

1.0 

86 

0 020 

Hairinsid 

6 3 

86 

0 023 

Flaxlinum and Fiborfclt 

11 2 

86 

0.028 

Linofelt 

11 2 

86 

0 025 

Gypsum, molded and dried 

78 0 

68 

0 250 

Lith 

14 3 

86 

0 033 

Insulite, Celotex, etc 

16 0 

86 

0 028 

Rock cork... . 

16.0 

86 

0 028 

Insulex or Pyrocel. 

8 0 

86 

0 029 

Rock wool.. 

14.0 

86 

0.023 


12 0 

86 

0 037 

Sil-O-Cel. 

10 6 

86 

0.026 


18 0 

86 

0 049 

Therm ofil . 

34 0 

86 

0 050 


24 0 

86 

0 064 

Wool felt . 

20 6 

86 

0 030 


30 0 

86 

0 083 

Vermiculite (expanded) .. . 

6 2 

42 

0.027 


^ Marks, Lionel S., “Mechanical Engineers’ Handbook,” 4th ed., p. 394, McGraw-Hill Book 
Company, Inc., New York, 1941. 


Underground Conditions of Conductivity and Temperature. Underground condi¬ 
tions of conductivity and temperature are of importance for such applications as (1) 
the earth as a heat source for heat-pump applications, (2) the perimeter and ground- 
slab loss for floor-panel-heating systems, and (3) the ground losses together with 
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Table 20-6. Resistance to Heat Flow of Various Insulating Materials 


Matertal Resistance** 

Blanket and bat insulation, avg.4 07 

Kapok between burlap or paper . ... 4 17 

Fireproofed cotton fibers . .. 4 17 

Hair felt between paper layers . . 4 00 

Eel grass between paper . . 4 00 

Wood fiber between paper 4 00 

Loose fill and blown-in insulation, avg . 3 65 

Ceiba fibers (kapok).... .4 35 

Mineral wool from silica 3 70 

Mineral wool from slag 3 70 

Glass wool. . 3 70 

Rock wool.3 70 

Expanded vermioulite (best grade) . ..3.12 

Granulated cork. . 3 22 

Vegetable fiber insulating board, avg . . 3 06 

From sugar-cane fiber. . 3 03 

From cornstalks... .3 03 

From exploded wood fibers . .,,3 12 

Slab insulation, avg. 271 

Sugar-cane fiber in asphalt membrane 3 33 

Hog hair with film of asphalt 3 57 

85% magnesia. 1 96 

Shredded wood and cement .2 17 

Foamglas (from manufacturers’ literature) 2 50 

Reflective insulation,** avg ... . . 4 01 

Ceiling, heat flow up (winter) .... . 3 70 

30 deg slope, heat flow up (winter) . 4 00 

Walls .4 35 


® Resistance to heat flow is the reciprocal of conductivity (fc), in which k =» heat units transmitted 
per hour per degree difference in temperature per inch of thickness per square foot of material. Thus 
the higher the value of resistance shown, the better the insulation. 

*» Reflective insulation is higher in resistance by two to three times with the heat flow down (summer). 


Table 20-6. Thermal Conductivity of SoiP*^ 



Btu/hr/sq ft/deg F/ft 


Source 1 

Source 2 

Fairly dry soil . 

0 25-0 35 

0 14-0 80 

Wet weather, some drainage 

0 50 


Heavy rains, ground not flooded 

0 65 


Ground marshy or constantly soaked 

1 00 


Dry sandy soil 

0 16 

0 21 

Damp clay and sand ... 

Clean yellow sand: 


0 92 

Dry. 

0 17 

0.19-0.22 

2 per cent moisture . 

0 20 


4 per cent moisture . 

0 28 


6 per cent moisture 

0.40 


8 per cent moisture 

Yellow sand and clay: 

0.56 


2 per cent moisture... 

0.16 


4 per cent moisture 

0 17 


6 per cent moisture . 

0.20 


8 per cent moisture 

0 26 


10 per cent moisture 

0 35 


12 per cent moisture 

0 51 


14 per cent moisture ... 

Soil wet, min. ... 

0.79 

0 85 

1.69 

Soil wet, avg. ... 


Soil wet, max. ... 


2 69 


1 Maker, F. L., Special Problems in the Flow of Viscous Fluids, Standard Oil Co. of California, 
a Oil Oas J. 

floor slab temperatures for baseinentless houses where other heating methods exclu¬ 
sive of floor-panel systems are used. 

Thermal Conductivity of Soil. The conductivity of soil varies greatly according to 
the consistency, moisture, and density conditions. Test results are not always in 
complete accord, not because of errors of observation, but because of the difficulty 
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of accurately defining the several variables. Table 20-6 shows typical results as 
reported by two investigators. In addition, Algren^ comments: 

1. At a constant moisture content, ground thermal conductivity increases with an 
increase in dry density. The rate of increase is fairly constant and is independent of 
the moisture content. 

2. At a constant dry density, thermal conductivity increases with an increase in 
moisture content. 

3. For unfrozen soil, it increases with an increase in mean temperature. 

Table 20-7. Conductivity of Silt-clay Soils^ 


Soil 

density, 
Ib/cu ft 

Moisture, 
per cent 

Mean 
temp, 
deg F 

h, Btu/sq 
ft/hr/deg 
F/in. 

Soil 

density, 
Ib/cu ft 

Moisture, 
per cent 

Mean | 

temp, 

degF 

k, Btu/sq 
ft/hr/deg 
F/in. 

93 0 

1 23 

70 3 

2 23 

92 4 

16 70 

40.1 

8 78 

93 0 

1 23 

40 1 

2 16 

92 4 

16.70 

25 1 

11 17 

93 0 

1 23 

24 9 

2 14 

92 4 

16 70 

-19 9 

10 97 

93 0 

1 23 

-19 9 

2 15 

92 4 

23 0 

70 0 

11 00 

92 4 

16 70 

70 1 

9 14 






1 Kersten, Miles S , Heating Piping Air Conditioning, June, 1949. 

4. Frozen soil at low moisture content shows very little change; in general, for 
soils of high moisture content it shows an increase for a decrease in temperature. 

5. When changing from unfrozen to frozen soil, the conductivity varies according 
to the moisture content. For dry soils it does not change; for soils of low moisture 
content, it decreases; and, with soils of high moisture content, it increases. 



Temperature of ground,deg F 

Fig. 20-2. Ground temperatures at various depths and months. {Algren, A. B,, Ground 
Temperatures as Affected by Weather Conditions, ASHVE Journal Section, Heating, Piping & 
Air Conditioning, Juiie, 1949, pp. 111-116. Used by permission.) 


Tests upon which these conclusions were based were conducted by Miles S. Kersten 
and are summarized in part in Table 20-7. 

Ground Temperatures at Various Depths, Figure 20-2 summarizes a study of 
ground-temperature conditions throughout the 1947-1948 heating season as reported 
by Algrcn.* The soil at the Minnesota test location was of the sand and clay type, 

1 Alqren, a. B., Ground Temperatures as Affected by Weather Conditions, Heating, Pipingf Air 
Conditioning, June, 1949, pp. 111-116. Used by permission. 

2 Loc. cU. 
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at some points bare, and at some covered with sod. The insulating effects of the sod 
were quite apparent. An interesting point is that the ground at 16 ft depth is warmest 
in November and coldest in April. This is due to time lag. 

Surface-well Temperatures, Figure 20-2 shows approximate well temperatures to 
be expected at depths of 30 to 60 ft for various parts of the United States (exclusive of 
thermal regions). 

Heat Loss to the Ground. In designing floor-type radiant-heating systems, it is 
standard practice to use an arbitrary figure of 15 per cent of all other losses to cover 
the heat escaping to the ground. This has proved adequate for outside temperatures 
down to ~15°F. 

Where the installation goes into operation for the first time in freezing weather, this 
allowance may be inadequate; but, after some hours of operation, the slab comes up 
to temperature and no lack of capacity will be noticed from that time on.^ 

The question of insulation under floor slabs should be decided after a comparison of 
costs with anticipated savings based upon the above factor. Slab edges should, 
however, be insulated, and such insulation should be carried well down the inside of 
footings (2 ft seems a reasonable minimum under normal weather conditions). 

CONVECTION 

Surface Film Coefficients.^ Convection Mechanism. There are two general 
mechanisms by which a fluid may travel through a pipe or duct: (1) viscous, laminar, 
or streamline; and (2) turbulent motion. 

1. In viscous flow, all particles of the fluid travel parallel to the axis of the pipe. 


^Temperature difference 
1 through inside film 



Inside - '\ 
film 


I 

Overall 
temperature 
•*. difference 

1 


‘ 'Temperature difference 
\ through pipe wall 

I 

* Temperature difference 
through outside film 


Fig. 20-3. Temperature drops through fluid films and pipe wall. 


2. In turbulent flow, elements in the main portion of the stream move back and 
forth over the cross section of the pipe m a random motion, in addition to their net 
flow along the axis of the pipe. 

Even in highly turbulent flow there is a thin fluid layer or film adjacent to the pipe 
waU, which remains in viscous flow. Heat must flow through the film by the mech¬ 
anism of conduction, before being swept away by eddies in the rapidly moving main 
body of the stream. Heat-transfer film coefficients are calculated from experimental 
heat-transfer data. 

Heat transfer through a pipe wall can be calculated from the following expression 
(Fig. 20-3): _ U-U 


5 = 


(l//iA)t “h {JLIkA^s^v, + (1/^A)<, 


(20-5) 


1 Conner, W. A., Healing, Piping, Air Conditioning, vol. 20, No. 6, p. 105, June, 1948. 

2 Griswold, J., "Fuels, Combustion, and Furnaces," pp. 316-333, McGiaw-Hill Book Company, Inc., 
New York, 1946. 
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where q = rate of heat flow, Btu/hr 

U = temperature inside pipe, deg F 
to = temperature outside pipe, deg F 
^t t% to 

hi and = film coefficients for the inside and outside of the pipe, respectively, 
Btu/hr/sq ft/deg F 

Ai and Ao == inside and outside areas of the pipe, respectively, sq ft 
ilavg — average area of pipe, sq ft 
k = thermal conductivity of pipe 

In the case of metallic heating and cooling tubes surrounded by and filled with 
fluids, the fluid films ordinarily offer much greater resistance to heat transfer than 
does the tube wall. The common ranges of fluid film coefficients are given in Table 
20-8. 


Table 20-8. Fluid Film Coefficients^ 


* 

Usual ranges of values h, Btu/hr/sq ft/deg F 

Gases 

Water 

Non viscous 
liquids 

Viscous 

liquids 

Inside pipes. 

10-50 

200-2,000 

50-500 

10-100 

Outside pipes: 





Natural convection 

1-3 

20-200 


2-50 

Forced convection 

5-20 

100 1,000 

50-200 

10-100 

Boiling liquid: 





Inside pipes 


500-5,000 



Outside pipes 


300-9,000 

200-2,000 


Condensing vapor 


1,000-10,000 

200-400 

50-100 


^Loc. c%t. 

Thin films of foreign material such as dirt, scale, or products of corrosion frequently 
introduce appreciable resistances to heat transfer. They present comparatively 
rough surfaces and maintain thicker films than would otherwise exist. Typical 
values of ‘‘fouling coefficients” to be included in the summation of resistances to heat 
transfer are given in Table 20-9. 

Table 20-9. Fouling Coefficients^ 

Usual Range of Values h, 

Btu/Hr/Sq Ft/Deg F 

Steam . 1,500-3,000 

Clean water 500-2,000 

Dirty water 150-500 

Petroleum vapors and condensates 200-2,000 

Petroleum residuals and crudes 100-200 

1 Loc. ctt. 

Over-all Heat-transfer Coefficients. For convenience in solving heat-transfer 
problems, thermal resistances in series through solids, scale, and fluid films may be 
combined into a single total resistance. The over-all heat-transfer coefficient is then 
defined as U in the equation 

q = UA(t 2 - ^i) = UA At (20-6) 

where q = rate of heat flow, Btu/hr 

U = over-all heat-transfer coefficient, Btu/hr/sq ft/deg F 
t 2 = higher temperature, deg F 
ti = lower temperature, deg F 
At ^ t2 - ti 

The usual ranges of over-all heat-transfer coefficients are contained in Table 20-10. 
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Table 20-10. Over-all Heat-transfer Coefficients^ 

(Btu/hr/square foot/deg F) 



State of controlling 
resistance 




Free con¬ 
vection 

u 

Forced 
convec¬ 
tion U 

Typical fluid 

Typical apparatus 

Liquid to liquid. 

25-60 

150-300 

Water 

Liquid-to-liquid heat ex- 


5-10 

20-50 

Oil 

changers 

Liquid to gas atmospheric pres- 






1-3 

2-10 



Liquid to boiling liquid. 

20-60 

5-20 

50-150 

25-60 

Water 

Oil 

Brine coolers 

Gas (atmospheric pressure): 





To liquid . . 

1-3 

2-10 


Air cc^lers, economizers 

To gas . 

0 6-2 

2-6 


Steam superheaters 

To boiling liquid. 

1-3 

2-10 


Steam boilers 

Condensing vapor to liquid. 

50-200 

150-800 

Steam-water 

Liquid heaters and con¬ 


10-30 

40-80 

20-60 

60-150 

15-300 

Steam-oil 
Organic vapor- 
water 

Steam-gas mix¬ 
ture 

densers 

Condensing vapor to gas (atmos¬ 
pheric pressure) 

1-4 

2-10 


Steam pipes in air, air 
heaters 

Condensing vapor to boiling liquid 

40-100 



Scale-forming evapora¬ 


300-1,200 

50-150 


Steam-water 

Steam-oil 

tors 


iLoc. c%t. 


RADIATION! 

Since thermal radiation is akin to visible light, most solids, liquids, and gases that 
are transparent to light will transmit some fraction of heat rays that may strike them. 
Opaque materials are opaque to radiant heat or nearly so, and highly reflective sur¬ 
faces reflect heat rays efficiently. There are some exceptions to these observations, 
but in general the transparency of a substance is lower for heat than for light rays. 
Radiant-heat transfer is usually significant wherever a high-temperature surface 
capable of radiating can “see” another surface at a lower temperature. 

Stirface Emissivity. The term emissivity e is the ratio of heat emitted by an 
actual surface to that of a black body of the same area and at the same temperature. 
A black body is a theoretically perfect radiator which will emit a definite maximum 
rate per unit area for any given temperature. 

Emissivities of polished metal surfaces are very low but are greatly increased by the 
presence of slight films of oxide or of tarnish. Emissivities of engineering materials 
and equipment surfaces under conditions of use are between 0.7 and 0.9 in most cases. 

Surface Absorptivity. Of the radiation striking a surface, part is reflected, and the 
remainder is absorbed. A perfect absorbing surface must therefore be totally unre- 
flective and is also designated a black body. Absorptivity a is the fraction of incident 
radiant energy which a surface absorbs. 

For all practical purposes, the coefficients of emissivity and absorptivity are so 
numerically close that one may be substituted for the other with but slight error. 

^Loc. cU, 
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The Stefan-Boltzmann law for radiant heat emitted from the surface of a body is as 
follows: 

where qr = total heat loss by radiation, Btu/hr 
A = area of radiating surface, sq ft 
e emissivity, used as a constant 
T = absolute surface temp = (460 + deg F) 



Fig. 20-4. Hoat transmitted by radiation. {Trans, ASME.) 



Temperature of cooler surface, deg. F 

Fig. 20-5. Heat transfer by radiation at various temperatures. 
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Table 20-11. Emissivity Values^ 



Temp, deg F 

100 

200 

300 

400 

500 

600 

700 

Polished silver 

0 0221 

0.0252 

0 0292 

0 0315 

0 0295 

0 0308 

0 0312 

Lampblack 

0 945 

0 945 

0 945 

0 945 

0 945 

0 945 

0 945 

Asbestos paper 

0 930 

0 934 

0 943 

0 955 

0 929 

0 938 

0 943 

Rough steel plate 

0 945 

0 950 

0 955 

0 961 

0 969 

0 975 

0 975 

Aluminum-surfaced roofing 

0.216 







Polished brass 

0 096 

0 096 

0.098 

0 098 

0 096 

0 096 


Flat black lacquer 

0 960 

0 98 






Black lacquer . 

0 80 

0 95 






White lacquer 

0 80 

0 95 







1 HEiiiMAN, R. H., Surface Heat Transmiasion, Trans. ASME^ vol. 61, FSP-41, 1929. 



Temperature difference, deg. F 

Fig. 20-6. Heat loss from bare (uninsulated) pipe. Total Btu per hour per linear foot in 
still air. 

Equation (20-7) assumes that all points of the surface are at the same temperature 
and that its emissivity is uniform. It is exact only for surfaces having no concavities; 
i.e., no portion of the surface ‘^sees” any other portion. It gives total radiation. 
When the surroundings are at any temperature above absolute zero, a body receives 
some radiation from surroundings. However, if the surface temperature of the body 
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m 



0 50 100 150 200 250 

Steam pressure, psig. and water temp., deg F 


Fig. 20-7. Heat and coal lost by heat loss from uninsulated pipe surfaces. 

is as much as several hundred degrees higher than the surroundings, Eq. (20-7) gives 
a close approximation of actual loss by radiation. 

Figure 20-4^ is a graphical method of calculating the energy radiated from a surface 
at higher temperature to a cooler surface, at various emissivities. Table 20-11 gives 
the emissivity values of various surfaces for a temperature range of 100 to 700°F. 

1 HsiiiMAN, R. H., Surface Heat Transmission, Trans, ASME, vol. 61, FSP-41, 1929. 
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1000 1400 1800 2200 2600 

Temperature difference between oir and furnace,deg. F 

Fig. 20“8. Heat loss through uninsulated firebrick walls. Note; For total loss multiply 
value from table X temperature difference X area. 

EFFECT OF WIND VELOCITY ON HEAT LOSSES 

Assuming that most insulation will be installed indoors, heat losses discussed in this 
chapter are all based on still-air conditions. However, even moderate winds and air 
currents have a marked effect upon such losses, particularly on bare surfaces. They 
should thus always be taken into account wherever air currents arc known to exist or 
are anticipated. 

As is shown in Fig. 20-9, the losses from bare surfaces vary with the wind velocity 
and pipe-temperature difference. With a 12 mph wind, a characteristic annual 
average wind velocity in the United States (see Fig. 10-6 for a map of United States 
annual wind), the heat loss from bare surfaces will be from 1.5 to 2.5 times as much as 
in still air. 

On insulated pipes or surfaces with a 30 mph wind, the maximum increase in heat 
loss due to the wind is about 15 per cent with 1 in. insulation, 10 per cent with 2 in., 
and 5 per cent with 3 in. It is thus apparent that the increase in heat loss is not only 




INSULATION 


685 


much less with insulated pipes but also that the thicker the insulation the less the 
effect of the wind in increasing the loss. However, unless the insulation is reasonably 
impervious to the flow of air, the improvement will be decreased. 

A common fault in insulation, particularly in applying fitted jackets as on domestic 
boilers, is to allow air space between the metal and the insulation. If not completely 
sealed at the top and bottom, convection currents may be set up to simulate the effect 
of wind with corresponding losses. 



Surface temperature,deg. F 

Fig. 20-9. Bare-surface losses at various wind velocities. 


INSULATION 

There is a wide variation in the three properties most important in a material to be 
used for thermal insulation—physical resistance to heat, thermal conductivity, and 
mechanical strength. When methods of processing and manufacture are included, 
the choice becomes even wider. In general, insulating materials having a high 
refractory value are the lower in insulating value. It is also usual that materials for 
higher temperatures are more expensive. 

The proper insulation for a given application is one which has a high enough refrac¬ 
tory value to withstand the temperature requirements yet which has insulating value 
sufficiently high to justify its cost. Requisites for an insulating material, named in 
the order of their importance, may thus be said to include: 

1. Ability to withstand the temperatures and physical conditions to which sub¬ 
jected. 
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2. Ability to provide an insulating effect commensurate with the need for insula¬ 
tion. 

3. Installed cost sufficiently low to justify the insulation. 

While cost and fuel saving are usually the prime considerations of items 2 and 3 
and are thus commonly balanced against each other, such is not always the case. 
The delivery of dry steam for processing, the preservation of food in refrigeration, 
the maintenance of superheat without having to change the superheater design, or the 
protection of lines from freezing are all examples that may transcend net cost in 
importance. They would thus play an important part in a determination of the 
material or thickness of insulation. 

RAW MATERIALS USED AS INSULATING MEDIUMS 

Among materials commonly processed into insulating mediums are: 

Asbestos. A variety of mineral amphibole deriving its name from a Greek word 
meaning incombustible. The original source of asbestos was the mineral actinolite, 
but the variety of serpentine known as chrysotile now furnishes most of the commercial 
asbestos. Occurrence is in rock form, but the fibers arc readily separated into fibers 
of varying lengths or into fibrous masses or seams. Tremolite and actinolite arc also 
employed as asbestos where available. Asbestos, used alone or in combination with 
various other materials such as cotton, is processed into an almost innumerable 
number of forms and is used for many widely divergent purposes. The United 
States, consuming over 60 per cent of total production, produces only 4 per cent. 
Other important producers are Canada, Russia, and Africa, (currently the lack of 
discovery of any important new deposits and the expansion of use is causing (consider¬ 
able concern within the trade and stimulating activity toward as yet unfulfilled 
attempts to develop substitutes. 

Cork. A thick spongy bark of a species of oak tree, Quercus subery native to Spain 
and Portugal. It is tough, elastic, and impervious. Lacking in capillaries, it does 
not absorb moisture. The material has a cellular structure with more than 50 per 
cent of the volume in air cells. The construction is unusual in that eac.h cell is in 
physical contact with 14 other cells to (contribute to its low thermal conductivity. 
It is one of the lightest of solids, with a specific gravity of 0.15 to 0.24. While char¬ 
ring begins at 250°F, it ignites only in contact with flame. Corkboard, (compressed 
from granulated cork, has a heat conductivity of 0.304 Btu/hr/sq ft/in. thick per 
degree difference in temperature, about one-third that of wood. 

Diatomaceous Earth. Also known as infusorial earth, kieselguhr, diatomite, and, 
in a pure form, Tripoli. A class of compact, granular, or amorphous mineral composed 
of hydrated silica of the same chemical composition as the opal. Origin thought to be 
minute siliceous shelly remains a(ccumulated at the bottom of anciimt lakes. In 
reality, the material is not ^^earthy,^^ and a preferred name is 'Miatomite.^^ Pure 
diatomite has a porosity of 90 per cent of its volume. It has great absorptive powers, 
holding up to five times its volume of water. Apparent density, in powdered form, 

8 to 8.5 lb per cu ft; tamped, 15 to 17 lb; natural, 12 to 17 lb. It withstands high 
temperatures. As an insulation, it is available in either natural or calcined form. 
Bricks or blocks are both sawed from the raw rock or molded from the crushed or 
loosely found material. In natural bricks the conductivity varies widely with and 
across the grain. For example, Johns-Manville lists 1.13 as the conductivity with 
heat flow parallel to the brick strata and 0.79 perpendicular, both being for mean 
temperatures of 1000°F. Calcining or baking increases resistance to heat but like¬ 
wise increases the conductivity. Natural diatomite withstands up to about 1600°F 
and has a conductivity, across the grain and at 1500°F, of 0.90; highly calcined 
diatomite withstands temperatures to 2500®F and has a conductivity, at 1500°F no- 
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grain effect, of 2.19. As various intermediate degrees of calcining are available, it is 
obvious that these represent the extremes of a continuous range of values. Calcining 
also increases the density or weight with a maximum of about 40 lb per cu ft. A 
diatomite manufactured by Philip Carey Co., called Diacalite, is used as a heat-insu- 
lating cement and as a filler for walls. Calcined bricks made by Johns-Manville are 
known as Sil-O-Cel (Johns-Manville also sells natural bricks under the same name). 
Suprex of Johns-Manville is calcined diatomite bonded with asbestos fiber; it with¬ 
stands to 1900°F. A calcined brick is also made by Armstrong Cork Co. Principal 
producing states are C'alifornia and Oregon. 

Infusorial Earth (see Diatomaceous Karth). 

Kapok. A silky fiber obtained from the silk-cotton tree, common in most tropical 
countries. It is extremely light and resilient. The fiber, which is obtained from the 
bolls, is long, white, and silky, similar in appearance to cotton but too brittle for 
spinning. Dry-Zero, marketed by the Dry-Zero Corp., is an insulating material 
made from kapok. The carded fiber bat is enclosed in fiberboard for use in refrigerat¬ 
ing cabinets and similar purposes. 

Kieselguhr (see Diatomaceous Earth). 

Magnesium Carbonate. A light white insoluble powder with a specific gravity of 
3.10. The most popular commercial insulation for steam lines and similar service, 
85% magnesia combines carbonate of magnesia and asbestos, desirably in the ratio 
of 85 per cent hydrated basic magnesium carbonate, 10 per cent asbestos fiber, and not 
over 5 per (!ent other inerts. The material is available in a wide variety of forms from 
several different manufacturers and is suitable for temperatures up to about 600°F. 

Mineral Wool. Made by mixing stone from the molten slag from blast furnaces 
and subjecting the molten mixture to the disintegrating effect of steam or air under 
high pressure. The steam or air jet breaks the molten slag stream into tiny globules 
and propels them through the air at high speed. In their flight they are drawn into 
fibers of minute diameter. Mineral wools, as made from various substances of the 
same general classifi(!ation, are also known as rock wool, slag wool, and glass wool. 
They are available in several forms including loose, bats, pellets, blankets, blocks, and 
pipe covering. A rock wool, made from high-silica limestone, is marketed by Johns- 
Manville as Banrock and is recommended for temperatures up to 1000°F. Zerofil, of 
the same company, for temperatures below 100°F, is a rock wool coated with asphalt 
to make it resistant to moisture. Glass wool is a lightweight insulating material 
composed of glass fiber as made from special glass forced through minute orifices or 
spinnerettes, similar to the manner in whi(;h rayon is spun. The fiber, about 0.001 in. 
in diameter, forms a loose blanket which can be woven into cloth, fabric, etc. 

Vermiculite, May be made from any number of micaceous minerals, as kerrite, 
maconite, etc., which are hydrous silicates derived from the alteration of some form of 
mica. Called vermiculite because the scales open out when heated, sometimes 
producing long wormlike forms. Upon calcination at 1750°F, vermiculite expands at 
right angles to the cleavage into a fluffy mass having a volume of some sixteen times 
that of the original mineral. Color changes from a yellowish to brown to silvery or 
golden depending upon the temperature. A plaster made from 60 per cent ver- 
mi(;ulite, 30 per cent plaster of paris, and 10 per cent asbestos will withstand red heat 
without disintegrating. Zonolite is an exfoliated vermiculite marketed by the 
Zonolite Co. 


GENERAL USES AND SELECTION OF INSULATION 

Insulation is used to retard heat flow wherever it is desired to maintain a tempera¬ 
ture cither higher or lower than the surroundings. 

In industrial ftunaces, fuel saving is the principal benefit, with corollary advantages 
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of improvement in product quality due to the more uniform distribution of heat and 
more accurate temperature control. Additional advantages include incireased 
capacity of equipment, protection of brickwork from rapid temperature changes, 
reduction of internal strains and cracking, and an improvement in working conditions 
around the equipment. 

In boilers, insulation is even more essential over bare metal surfaces than over 
brickwork because of the greater rate of heat transfer. 

Steam-pipe insulation reduces condensation, permitting the delivery of drier 
steam. 

In refrigerated equipment, a ton of refrigeration, equivalent to the removal of 
288,000 Btu per 24 hr, costs approximately ten times as much as the equivalent 
number of Btu as produced for heating purposes. The necessity and economic justi¬ 
fication for much heavier insulation on low-temperature work than is customary for 
high temperatures are therefore apparent. Furthermore, many forms of cold storage 
demand temperature controls through a narrow range, which dictates the desirability 
of adequate insulation. 

Selection of Insulation. The efficiency of a commercial insulation depends pri¬ 
marily on the small voids which it contains. In order to be most effective, these 
voids must be enclosed and so small that circulation within them, and radiation 
across them, will be at a minimum. This becomes partic.ularly important at high 
temperatures because of the rapid increase in both convection and radiation at high 
temperatures. 

To be adaptable, insulation should be of such form as to be easily applied, it must 
be able to withstand the highest temperatures to which it is ever to be subjected, and 
it must be sufficiently strong and durable to assure long life under the physical condi¬ 
tions to which subjected. 

Since no one material or shape could possibly meet all such conditions, which may 
conceivably involve a temperature range from many degrees below zero to some 
aooo^’F or more, most of the larger manufacturers offer a choice of products and 
shapes as made from such raw materials as asbestos, magnesium carbonate, diato- 
maceous silica, refractory clays, and mineral wool. These are processed into su(;h 
shapes as sectional pipe covering, insulating sheets, blocks, bricks, and blankets, 
insulating cements, fills, paper, and felt. A selection must be made from these based 
upon the particular physical conditions to be met. 

Temperature Range. At virtually every temperature, a choice of several materials 
is available. A final decision as between these must be made on a basis of the full 
requirements as listed above, as correlated with the properties of the several products 
as discussed and shown in pages following. 

Thickness of Heat Insulation. The economic thickness of pipe and boiler insulation 
depends primarily upon the temperature and the cost of heat. The economical 
thickness of pipe insulation also depends on pipe size. While small pipes have to be 
more heavily insulated to give the same savings of heat, larger pipes should actually 
be provided with the heavier insulation for maximum net savings; f.e., a 1-in. pipe 
with 1 in. of insulation will lose heat more rapidly per square foot of pipe area than a 
10-in. pipe with the same thickness of insulation; because the outer surface of the 
insulation on the 1-iii. pipe is nearly 200 per cent greater than that of the pipe, with 
the outside area of the insulation on a 10-in. pipe less than 20 per cent greater. How¬ 
ever, the net saving takes into account the cost per year of effecting the savings as 
subtracted from the savings. Since the insulation on a 1-in. pipe costs from IJ^ to 3 
times as much per square foot of pipe surface as that on a 10-in. pipe, and since each 
inch of thickness ^n a 10-in. pipe saves more heat than the same insulation on a 1-in. 
pipe, it follows that it pays to insulate the larger pipe the more heavily. 
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Efficiency of Insulation. The expression of the efficiency of insulation furnishes a 
means of comparing the savings effected by insulation with bare-pipe losses. Also 
the relative values of various insulations may be determined by comparing either 
their efficiencies or their heat losses. (The latter are shown for bare surfaces and the 
more common types of insulation in tables on the pages following.) 

The efficiency of an insulation is obtained by subtracting the heat loss through the 
insulation from the heat loss of the uninsulated surface, and then dividing the differ¬ 
ence by the heat loss of the uninsulated surface, or: 

Cu — Cl 

Insulation efficiency, per cent = - -^ 


where Cu = loss, Btu/hr from the uninsulated surface or pipe 
Cl = loss/hr as insulated 


Example : 85 % magnesia, 1in. thick, on a 4-in. pipe with a temperature differential 
of 300°F, is found to have a heat loss of 0.371; the same 4-in. pipe bare, a loss of 3.29. 
Thus 


Insulation efficiency = 


3.29 -- 0.371 
3.29 


or 88.6 per cent 


Insulation of High-temperature Pipes. In insulating pipes carrying very high 
temperatures, it is customary to use a combination of insulations; an inner layer of 
high heat resistance, and an outer layer of high insulating value but lower heat resist¬ 
ance. Because the inner layer is usually the more expensive, only sufficient thickness 
should be used to bring its outer surface to a temperature permissible for the outer 
insulation. The final insulation efficiency is then made up by the thickness of the 
outer layer. Efficiencies at recommended thicknesses range from 93 to 97 per cent 
for moderate sizes of pipe to about 98 per cent for 18- to 30-in. pipe sizes. 


Table 20-13. Sources and Characteristics of Common Insulating Materials 


Trade name 

Source of material 

Method of 
manufacture 

General 
insulation 
effect (A:)" 

Fireproof 

Vermin- 

proof 

Mineral wool, 
rock wool, 
slag wool 

Slag, rock, cinders or 
other siliceous mate¬ 
rial 

Molten material is 
sprayed at high speed 
with steam to draw 
fibers of minute di¬ 
ameter 

0 27-0 33 

Yes 

Yes 

Glass wool 

Special grade of glass 

Same as mineral wool 

0 24-0 27 

Yes 

Yes 

Vermiculitc (ex¬ 
panded mica) 

Micaceous minerals 

Calcinated to expand 
the rock to a fluffy 
mass some 16 times 
the original volume 

0 32-0 48 

Yes 

Yes 

Kapok. 

A silky fiber from the 
silk cotton tree of 
the West Indies 

Fiber obtained from 
the bolls of the tree 
in natural form 

0 23-0.24 

Must be treated 

Must be 
treated 

Cork , . 

From a species of oak 
tree native to Spam 
and Portugal 

Obtained in natural 
form from the bark 
of the tree 

0.30-0 32 

Chars at 260'’*F, 
ignites only on 
contact with 
flame 

Must be 
treated 

Asbestos. 

A variety of mineral 
rock or amphibole 

Fibers of rock are 
readily sejiarated 
into form known to 
trade 

0 28 

Yes 

Yes 

Diatomite, di- 
atornaceoiis 
earth, infu¬ 
sorial earth, 
kieselguhr 

Agglomerated shelly 
remains accumulated 
at the bottoms of 
ancient lakes 

Used in either natural 
or calcined form 

Various 

Yes 

Yes 


** k, conductivity = Btu transmitted per hour per square foot material area per degree difference in 
temperature per inch of insulation thickness. The lower the factor the better the insulation. 






Table 20-14. Physical and Thermal Characteristics of Insulating Materials^ 
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Table 20-15. Characteristics of Typical Insulations for Hot Pipes 


GENERAL USES AND SELECTION OF INSULATION 



m 






Table 20-16. Characteristics of Flexible Insulating Materials 
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Table 20-17. Characteristics of Brick, Block, and Sheet Insulators 


GENERAL USES AND SELECtWlf OF INSULATION 



« Natural, others calcined. 
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Table 20>18. Recommended'Tbickness of Various Pipe Insulations 

(In inches) 


Condition 

Temp, 
deg F 

Asbestos 

blankets 

1 Asbestos sponge felted ] 

1 85% magnesia" 

Pipes 

larger 

than 

4 in. 

Pipes 

2 to 4 
in. 

Pipes 

smaller 

than 

2 in. 

Pipes 

larger 

than 

4 in. 

Pipes 

2 to 4 
in. 

Pipes 

smaller 

than 

2 in. 


To 212 


1 

1 

1 

Standard 

Standard 

Standard 

Steam, 0-25 lb, .. 

212-266 


1 

1 

1 

Standard 

Standard 

Standard 

Steam, 25-100 lb. 

267-337 

IH 

IM 

1 

1 

IK 

Standard 

Standard 

Steam, 100-200 lb 

338-387 

2 

2 

IK 

1 

2 

IK 

Standard 

Steam, low super¬ 

388-499 

2H 

2H 

2 

IK 

Double 

2 

IK 

heat 






standard 



Steam, superheat. 

500-599 

3 (2-lH) 

3 

2K 

2 

3 

Double 

standard 

2 

Steam, high super¬ 

600-700 

4 (2-2) «• 

3K 

3 

2 




heat 









Steam, high super¬ 

700-950 

4H (2K.2) 







heat 









Max temp recommended for 








insulation, deg F 


950 


700 



600 



« On outdoor lines an extra of thickness is usually applied. 

Asbestos blankets 4-in. thick recommended to 800®F. 



Fig. 20-10. Heat loss of pipes insulated with 85 per cent magnesia covering. (Standard 
thickness.) Note: Total loss in Btu/hr = factor from figure X area of pipe X degrees 
difference in temperature. 
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Table 20-19. Surface Area of Standard Pipe « 

(Table for converting square feet of pipe surface area to linear feet) 


Nominal 
pipe size , 
in. 

Sq ft 
surface/ 
lin ft 

Nominal 
pipe size, 
in. 

Sqft 
surface/ 
lin ft 

H 

0 220 

7 

1.996 


0.275 

8 

2.257 

1 

0.344 

9 

2 519 

IK 

0.435 

10 

2.817 

IM 

0.498 

11 

3.073 

2 

0.622 

12 

3 338 

2H 

0 753 

14 OD 

3 663 

3 

0.917 

16 OD 

4.188 

3K 

1 047 

18 OD 

4 716 

4 

1 178 

20 OD 

5 235 

4K 

1 309 

24 OD 

6 286 

6 

1 456 

30 OD 

7.854 

® ! 

1 734 
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85% magnesia will afford fireproof insulation. On outdoor lines a weatherproof 
jacket should be added. 

Exhaust Pipes, Incinerator Flues, Etc. A high-temperaturc insulation should be 
applied over a metal lath so placed as to leave an air space to prevent overheating the 
pipe. The in. or more of insulation should be wired in place and well covered 
with several coats of cement on wire. 


INSULATING BRICKS 

Insulating bricks, designed for various temperatures to a maximum of about 2600°F, 
are used behind firebrick linings in boilers, stills, heat-reacting furnaces, kilns, lehrs, 
flues, retorts, stacks, and all other types of high-temperature equipment. 

In preventing heat loss, this type of brick is usually from 1to 4 times as effective 
as firebrick. Thus with firebrick for interior strength and resistance to the full 



Fig. 20-13. Heat loss through insulated firebrick walls of various thickness. Example: 
Figures on curves show thickness of firebrick, those at bottom of table show thickness of 
insulating brick or block. Thus with 3 in. of insulating block and 9 in. of firebrick (total 
thickness 12 iri.), the loss would be 0.180 Btu per degree temperature difference per sq ft 
per hour in still air. This is as shown in the dotted lines. Note: This table was calculated 
for 1800°F furnace temperatures. Each 100°F above or below this figure makes about a 
13^2 per cent difference in the heat-loss factors. Insulating block is assumed to be calcined 
diatomaceous silica combined with asbestos fiber. Insulating values of this material used 
alone are shown elsewhere in this chapter. 


furnace heat, a backing of insulating brick gives the same or better results with 
materially thinner walls. 

In addition to such uses, insulating brick are often used as the outside course in the 
combustion zone and first pass of water-tube boilers. They are also used as combina¬ 
tion insulating and face brick on the outside of bake ovens, etc. 

While air spaces have been used, in the impression that they will take the place of 
insulating brick, the U.S. Bureau of Mines has pointed out that a solid wall of any 
ordinary material is preferable to a hollow wall of the same thickness, particularly 
if the air space is near the furnace side. While air is a poor conductor, heat passes 
through it rapidly by radiation and by the convection currents set up. It is well to 
fill such spaces, with insulating material if possible, but, if not, with even sand, since 
the latter offers a higher resistance under high-temperature conditions than air. 
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Temperature difference between pipe and air, deg F 

Fig. 20-14. Heat losses through various sheet and block insulations. Note: Total loss 
in Btu/hr = factor from figure X area of pipe X degrees difference in temperature. 

INSULATION FOR LOW TEMPERATURES 

The selection and application of low-temperature insulation of any type involves 
more care than is common with insulation against heated surfaces. With low tem¬ 
peratures, the insulation must not only be permanently waterproofed but must also 
be sealed against the infiltration of moist air which in time would condense and 
destroy its insulating value. 

Important factors in the selection of low-temperature insulation include: 

1. Retention of low conductivity at low service temperatures 

2. Nonabsorption of moisture and odor 

3. Possibility of thorough sealing against penetration of air 

4. Immunity to termites, vermin, and mold 

6. Structural strength to permit handling and applying without breakage 

6. Ease of sawing and working on the job 

Cement for Low Temperatures. While portland cement may be used with such 
insulation, asphalt has the distinct advantages of providing waterproof construction 
and of setting much more quickly. 

Insulation to Retard Freezing. No insulation, no matter how thick or efficient it 
may be, will prevent freezing where there is no circulation, or an inadequate amount 
of circulation, in the pipes, if the outside temperature remains below the freezing 
point for a sufficient length of time. 

Insulation will retard freezing; and, if there is a certain amount of circulation, or 
even without circulation, if the air remains at a low temperature for a short enough 
period, freezing may be prevented. 

To assist in quick estimates as to results which may be accomplished in retarding 
freezing, figures are given in Fig. 20-15 showing the length of time necessary for water 
in a pipe to be cooled 10®F from 42 to 32®F, with a difference in temperature between 
water and air of 60®F, which would correspond to an air temperature of about 20°F 
below zero. 



INSVLATION FOB LOW TEMPBRATUBES 



Fig. 20-15. The freezing of water in pipes with various insulations. A = 2 in. of hair-felt 
insulation; A A = 4 in. of hair-felt insulation; B — 2 in. waterproofed mineral-wool insu¬ 
lation; BB = 4 in. waterproofed mineral-wool insulation. Note: Figures beksed on 60® 
temperature difference. Weights of water are per lineal foot of line; minimum flows shown 
must be multiplied by length of exposed line to obtain total necessary flow. 



Fig. 20-16. Heat loss from pipes insulated with built-up hair felt, (Low temperature 
insulation.) 
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Water should not be allowed to remain stationary for longer than one-half the time 
shown in Fig. 20-15, which indicates the minimum amount of water which should 
be supplied per hour at 42®r water temperature in order to prevent the temperature 
of the water from being lowered to the freezing point. The weight as obtained from 
this figure should be multiplied by the length of the pipe in feet. In order to provide 
against temporary reduction in flow due to lowered pressures, etc., a factor of safety 
of at least 2 should be allowed. If the water enters the pipe at 52°F, instead of 
42®F, it will take double the time given in order to cool it to the freezing point, or, 
conversely, only half as much water need be circulated. On the other hand, if water 



Fig. 20-17. Inside-air temperature drop for metal ducts with various outer surfaces. 
Duct A = duct covered with in.-corrugated asbestos; B = aged aluminum duct bare; 
C = aged galvanized duct; D = duct covered with asbestos paper. {"'Kaiser Aluminum,'* 
PermanerUe Products Co., Oakland, Cal.) 

enters at 34°F, it will be cooled to 32°F in one-fifth of the time given, or five times the 
water will be required. 

If the minimum atmospheric temperature is about zero instead of the calculated 
—20°F below zero (temperature difference of about 40°F between water and air), 
the time required to cool water to the freezing point will be 60/40 times that given in 
the table, or the amount of flow required will be 40/60 that of the table. 

Where water must remain stationary longer than the safe length of time indicated, 
the only sure way to protect the line is to provide a small steam or hot-water line 
alongside the water line and then place insulation around both lines. 

Heat Losses from Low-temperature Metal Air Ducts 

Heat losses from low-temperature warm-air ducts are the resultant of a combina¬ 
tion of convection and radiation losses. With surrounding conditions and surface 
temperatures the same, convection losses will depend on outside air currents, but 
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radiation losses are affected by the emissivity of the duct material. Thus heat 
losses may be minimized in two ways: 

1. By applying insulating materials thick enough to reduce surface temperatures. 
With low surface temperatures, radiation and convection losses are negligible even 
though the surface has high emissivity. 

2. By constructing the ducts of a material of low emissivity, such as aluminum, 
which will reduce radiation losses even though surface temperatures are high. 

According to Permanente Products Co., Fig. 20-17 was calculated from basic data 
as published in the Transactions of ASHVE, to show typical losses from ducts having 
various covered and uncovered surfaces. 

4000 
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I 2000 
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3 1000 
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60 80 too 120 140 160 180 200 

Temperature of water deg.F 

Fig. 20-18. Heat loss from 3()-gal tank, uninsulated and insulated. (Assuming 68®F room 
temperature.) 




Fig. 20-19. Cooling rate of 30-gal tank, uninsulated and insulated. (Tank 12 in. diam¬ 
eter, 60 in. long.) 


INSULATION OF HOT-WATER TANKS 

Adequate insulation of hot-water tanks is important not only from a standpoint 
of saving fuel, but also to retard the cooling of the tank when heat is not being sup¬ 
plied. The latter tends to equalize the temperature of the water in the tank at all 
times. Figures 20-18 and 20-19 show the Btu loss and cooling effect of an insulated 
and uninsulated 30-gal tank. The losses from larger tanks would be proportionately 
greater. 
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ANTISWEAT PIPE INSULATION 

While any effective low-temperature sealed pipe insulation will retard condensation 
and damage from dripping, several have been designed with this purpose specifically 
in view. 

A typical insulation of this type is made of preshrunk insulating felts and water- 
proo^g felts. The waterproofing felts, on the inner and outer surfaces of each layer, 
protect the insulation from the infiltration of moisture. The material is applied with 
all joints staggered. 



Fig. 20-20. Heat loss with antisweat waterproofing felts. 

The proper thickness of such material depends on the temperature and humidity 
of surrounding air in relation to the temperature of the pipe. On pipes with tem¬ 
peratures over 50°F, 1 in. is usually used if the relative humidity is less than 75 per 
cent; 13^-in. if the humidity is between 75 and 80 per cent. For temperature between 
32 and 50°F, if relative humidity is under 75 per cent the in. thickness is used. 

All joints and cracks must be carefully sealed for effective results. 
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DEFINITIONS AND TERMS 

Load, Capacity, and Rating.^ The load of a steam-generating unit at any time is 
the actual rate of heat absorption or delivery of steam at that time and is therefore 
expressed in the same units as capacity. Thus the maximum load that can be 
carried becomes the “capacity/^ and the use of pounds of steam per hour to express 
the various loads carried during a scries of tests is satisfactory if the pressures and 
temperatures of the steam and feed water have been held constant, or nearly so, 
during each test. 

When boilers consisted of simple convecting surfaces, a number of empirical terms 
were used to express the capabilities of the unit. These terms were not satisfactory, 
since they did not precisely define the true output of the Tinit in the same fashion that 
the output of a turbine is defined by the term mechanic.al horsepower. While these 
terms are obsohite, they are still in use, particularly with small boilers, since it takes 
time to make changes, and the material is still firmly entrenched in the trade literature 
and catalogues. 

Boiler Horsepower.® The empirical term, a boiler horsepower, is defined as the 
equivalent of evaporating 34.5 lb water from and at 2]2°F per hr. Expressed in 
Btu, this equivalent evaporation amounts to 33,472 Btu per hr. 

Horsepower. One horsepower is defined as 10 sq ft of boiler heating surface. 
Heating surface was further defined as that which is gas-swept on one side, and 
simultaneously water-touched on the other. 

To have the two definitions consistent, the heating surface should absorb energy at 
the rate of 33,472/10 or 3,347.2 Btu/hr/sq ft, or the so-called normal rating. 

The AS ME Power Test Code suggests: 

The rating of boilers for size only, in square feet of heating surface, should be adopted. 
The area method has been in use for years in Europe, and in view of the fact that the ulti¬ 
mate steaming caxiacity per square foot is dependent on the amount of fuel fired, it is a 
suitable unit, as not involving (japacity. 

Per Cent Rating. In the past, the term per cent of rating found active application 
in practice and is still used liy some. Rated capacity, normal rating, and 100 per 
cent rating were used interchangeably to mean the same thing. 

Per cent rating = 1,000 X 

where Ha = heat input to the steam, Btu/hr 
AhH = heating surface, sq ft 

One boiler horsepower = 33,472 Btu per hr. In general, it is applied to installa¬ 
tions in which the only heating surface is the boiler. 

Under the old definitions, the convection surface, which is now only a small part of 
the modern unit, is the boiler. The modern unit is complex and consists of furnace 
and boiler evaporative surface, superheater, economizer, and air heater and can be more 
accurately defined by the term steam generator. Therefore, the combined perfor¬ 
mance of all these stearn-gencrator elements cannot be expressed in either boiler 
horsepower or equivalent evaporation. The capacity may be expressed in terms of 
either; 

1. Actual steam generated in pounds per hour, at a specified temperature and 
pressure and from feed water at a definite temperature. 

1 Baknakd, William N., Frank O Ellknwood, Clarence F. Hihshfeld, “Elements of Heat 
Power EnKineerinK,” 3d ed., pp 437, 666, 665-742, John Wiley & Sons, Inc , New York, 1933. 

2 de Lorenzi, Otto, “Combustion Engineering,” pp. 14.1-18.44, Combustion Engineering-Super¬ 
heater, Inc., New York, 1947. 
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2. The rate of heat absorption of the unit in Btu per hour, which is the more exact 
method of expressing capacity. In this manner, variations of pressure, steam tem¬ 
perature, and feed-water temperature are accounted for. 

The Standards Committee of the ASME has suggested that: 

The Btu is the approved unit in which to express the rate of heat absorption of a boiler 
or its output per hour. The statement of output or performance in Btu per hour is basic 
and convenient. Frequently, however, it will be more convenient to use multiples of 
the Btu as a unit of measure. At such times the symbols kB = 1,000 Btu and mB — 
1,000,000 Btu are recommended in lieu of names for these multiple units. 

These terms have not been adopted by engineers for general use. 

Measurement of Heat-absorbing Surfaces. The modern steam-generating unit 
consists of a number of different types of heat absorbing surfaces. In the ASME 
Test Code for Stationary Steam Generating Units is given the following definition of 
what constitutes heating surfaces: 

The steam-generating unit heating surface shall consist of that portion of the surface 
of the heat-transfer apparatus exposed on one side to the gas or refra(;tory being cooled, 
and on the other to the fluid being heated, measured on the side receiving heat. 

In the case of water walls, the ASME Test Code for Stationary Steam Generating 
Units defines this heating surface as follows: 

Heating surface in the furnace or furnace boundaries shall be measured as follows: 

A. Tubes wholly exposed or wholly or partly embedded in refrac.tory—that portion of 
the surface of the tubes which is exposed to the gas or refractory being cooled. 

B. Tubes provided with extended surface—that portion of the surface of the tube and 
extensions which is exposed to the gas being cooled. 

C. Tubes protected by blocks rigidly attached to the fire faces—that portion of the 
surface of the blocks which is exposed to the gas being cooled. 

The foregoing definitions are useful in standardizing surface specification. They 
are of little value, however, to the design engineer attempting to determine heat 
absorption. To arrive at this value, it is necessary to use eff(^ctiveness factors to 
correct the total surfaces for various degrees of heat absorption. These factors are 
based on data gained from many installations operating with a wide range of fuels, 
under differing load conditions. Such experience factors arc of great value to those 
who fully understand their application and who are well aware of their limitations. 

ASME Boiler Construction Code. Substantially most power-boiler manufacturers 
of stationary service types fabricate their units according to the Rules of the Boiler 
Construction Code of the ASME. This pertains to speiafications for materials used, 
as well as details of construction of both the water-tube and fire-tube types. 

Since all the states of the United States have not adopted the code, it is recom¬ 
mended that the engineer, in purchasing a boiler, see that it conforms to the code and 
is so stamped. 

The National Bureau of Casualty and Surety Underwriters, Boiler and Machinery 
Division, New York, issues at frequent intervals a Synopsis of Boiler Laws, Rules 
and Regulations, by States, Provinces, and Cities {United States and Canada). This 
synopsis will be found very valuable in obtaining the requirements of the various 
eities and states, for boiler construction, installation, inspections, certificates, fees, 
etc. If a boiler is to be installed in an area that has its own boiler rules, these should 
be carefully reviewed to be sure that the boiler fully complies with all regulations. 

Identification. Illustrated in Fig. 21-1 are the symbols used by the ASME for 
identification. 

Location of Stamps. The location of stamps, according to the ASME Code^ 
be as follows: ' 
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1. Horizontal-return-tubular boilers: on the front head above the central row of 
tubes. 

2. Horizontal-flue boilers: on the front head above the flues. 

3. Traction, portable, or stationary boilers of the locomotive type or star water- 
tube boilers: on the furnace end above the handhold. On the traction boilers of the 
locomotive type: on the left wrapper sheet forward of the driving wheel. 

4. Vertical fire-tube and vertical submerged-tube boilers: on the shell above the 
fire door and handhole opening. 

6. Water-tube boilers: on a head of the steam-outlet drum near and above the 
manhole opening. 

6. Scotch marine boilers: on the front head, above the center or right-hand 
furnace. 



Stomp "a" Stamp''s'‘ Stomp'‘p' 



Manufacturer's 
serial number 


(Nome of manufaefurVr) 

TMoV al low 'wdrkrng'pressure when buHO’ ~ 
flHeat surf in sq ft,boiler or woterwolls) 


(YeoV built) 


Fig. 21-1. Ofiicial American Society of Mechanical Engineers (ASME) identification 
symbols. Stamp “A” denotes the ASME standard for assembly; Stamp “S” denotes the 
general ASME standard of compliance; Stamp “P” denotes the ASME standard for welded 
piping. 


7. Economic boilers: on the front head, above the center row of tubes. 

8. On any of the above types where there is not sufficient space in the place 
designated, and for other types and new designs: iii a conspicuous place. 

9. Superheaters: on superheater header near outlet. Other headers shall carry 
identifying marks. 

10. Economizers: at a handy location on water-inlet header or drums. Other 
headers shall carry identifying marks. 

11. Water walls: on one end of a lower header. Other headers shall carry identify¬ 
ing marks. 

It must be emphasized that the Power Boiler Code is applicable for construction 
purposes only, not for operation. Copies of the code may be obtained from the 
ASME. 

FUNDAMENTALS OF BOILER DESIGN 

Steam-generator Requirements.^ Because of the wide variety of possible installa¬ 
tions and operating conditions, only the most general steam-generator requirements 
are given. The relative importance of these requirements is dependent on the type 
of service and the operating circumstances. 

i Barnard, William N., Frank O. Ellenwood, and Clarence F. Hirshfeld, op. cU , 
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1. The design of the steam generator should be sufficiently adequate so that the 
unit will generate enough steam to meet maximum requirements of the rated load as 
well as enough reserve to meet emergency overload. Since the furnace shape is so 
important for the proper combustion of the desired fuel, the boiler form must be such 
as to accommodate the furnace properly. Also, the design must contain adequate 
space for the heat-exchanger equipment such as superheaters, economizers, pre¬ 
heaters, or water walls that might be required in the completed design. 

2. Safety of a steam generator is primarily a problem of correct design. Materials, 
proportions of the boiler elements, and construction should be at least as good as 
those specified in the Boiler Construction Code and in the Interpretations of the 
Boiler Code, prepared by the ASME and frequently revised to meet changing condi¬ 
tions. Care should also be taken that the boilers conform to any local ordinances 
and the requirements of the insuring company. Not only should the pressure ele¬ 
ments be adequately proportioned, biit the possibility of high stress or damage due to 
expansion or contraction due to normal temperature changes or normal temperature 
gradients should be considered. For instance, some designs incorporate curved tubes 
which give a necessary degree of flexibility. Also the type of support or method of 
suspension should not induce serious stresses. Abnormally thick plates should not 
be subject to intense radiation or flame. 

3. All parts of the unit must be readily accessible for maintenance and repairs. 
Suitable access doors must be supplied in the setting so that the interior of the furnace 
and the exterior heating surfaces may be readily serviced. All the interior similarly 
must have provision for cleaning and inspection by the use of manholes placed to 
facilitate these operations. All the exterior surfaces should be so arranged that any 
deposits of soot, fly ash, and the like are easily removed by either fixed soot blowers or 
lances inserted in ports in the setting. Care should be taken that repairs are possible 
and can be completed in the shortest time. Not only must the design of the boiler 
and the setting be checked, but the location in the boiler room must be scrutinized, 
to provide for the removal and the replacement of the tubes which usually provide 
the major structural difficulties. 

4. The usual type of steam generator depends on natural eonvection for its water 
circulation; some types have forced circulation by pumps. Hence the paths of 
natural circulation should have a definite fixed pattern that is established by design 
and experiment. Heat must be added at the proper places that will establish this 
pattern. Care must be taken that there is no stagnant fluid in contact with high 
temperatures or that the fluid does not short-circuit. 

5. The passage of the gases should be arranged to maintain the proper velocity 
over the heat-transfer surface. No stagnant pockets of gas should be allowed, since, 
within limits, the greater the velocity the greater the heat transfer. Suitable baffles 
are used to direct the gases. 

6. Priming, the entrainment of large amounts of moisture in the steam withdrawn 
from the boiler, produces wet steam, whereas it is desirable to produce dry steam. 
Large steam-releasing areas help prevent priming; also large steam volumes help 
precipitate the moisture. The presence of certain impurities promote foaming which 
naturally increase priming. The amount of impurity present can be reduced by 
blowdown, either continuous or intermittent. Frequently the boiler is equipped with 
water-separating devices to cut down the entrained moisture. 

7. Large volumes of water in the steam generator take care of load fluctuations 
without much change in the level of the water, and hence need less attention. The 
larger volumes give greater reserve in case of sudden demands than in the smaller 
volumes. However, in case of an explosion, greater damage results with the larger 
volumes. 
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8. Care should be exercised as to the location of the feed-water discharge into the 
boiler. Cold water should not come in contact with the boiler shell. Certain 
impurities in the feed water precipitate as they rise in temperature, and deposit as 
mud. This precipitation should occur where the mud will cause least damage and 
where it can readily be withdrawn. 

9. A thorough engineering cost study should be made of the prospective steam 
generator. Not only should the initial cost be taken into account but other expense 
items—^furnace and setting, type of combustion equipment, boiler aiixiliaries and 
controls, as well as installation and transportation—should be considered. Main¬ 
tenance and repairs and cost of space and building will differ with various boiler types 
and must be a part of the boiler study. 

CARE AND OPERATION OF POWER BOILERS^ 

Preparing Boiler for Service. Before filling a boiler for service, make certain that 
it is free from scale, oil, tools, and other foreign matter and that there is no one in the 
boiler. Manhole and handhole gaskets should be new or in good condition. Use 
suitable graphite paste to prevent the gaskets from sticking and to secure tightness. 

Filling Boiler. Do not refill a boiler while it is hot. Hot water should be used if 
available, and the boiler should be vented to permit the air to escape, while filling. 
Fill to the normal working level. 

Getting Up Steam. Ventilate the furnace thoroughly and start the fire with 
damper and draft doors open. Highly inflammable oils or gasoline should not be 
used in starting fires where solid fuel is used. Start the fire early so that steam pres¬ 
sure may be raised without forcing the boiler. 

Gas, Oil, or Powdered-coal Fuel. Do not turn on the fuel supply at any time until 
the furnace has been thoroughly ventilated and a lighted torch properly placed to 
ignite the fuel instantly. If the fire goes out, the fuel supply should be shut off 
immediately and no attempt should be made to start the fire until the furnace has 
again been ventilated. 

Cutting In Boiler. In placing a boiler on the line with others which are already in 
service, keep its stop valve closed until the pressure in the boiler and the steam main 
are approximately equal. See that the steam piping is thoroughly drained before the 
valve is opened. Open the valve slightly; then, if there is no unusual jar or disturb¬ 
ance, complete the opening slowly, (flose the valve at once if there is the slightest 
evidence of an unusual jar or disturbance in the boiler or piping. 

Water Level. When going on duty, determine the level of the water in the boiler. 
The gauge glass, gauge cocks, and connecting lines should be blown several times 
daily to make sure that all connections arc clear and in proper working order. The 
gauge glass must be kept clean because it is of extreme importance that the water 
level be accurately indicated, and if the true level cannot be determined immediately 
the boiler should be removed from service and all water-level-indicating attachments 
checked. 

Low Water. In case of low water, immediately cover the fuel bed with ash, fine 
coal, or earth. Close the ashpit doors and leave the fire doors open. If gas, oil, or 
powdered coal is used as fuel, shut off the supply to the burnen Do not turn on the 
feed water. Do not open the safety valve or tamper with it in any way. ('ool the 
boiler, ascertain the level of water in the boiler, and correct the cause of the low-water 
condition. 

Safety Valves. Each safety valve should be made to operate by steam pressure 
with sufficient frequency to make certain that it opens at the allowable pressure, and 

^ The Hartford Steam Boiler Ins(>ection and Insurance Co., Philadelphia, Pa. Lack of space jjre- 
vents the inclusion of detailed instructions for the care and operation of all types and sizes of power 
boilers. These “notes” apply to the type usually found in smaller industrial plants and institutions. 
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the plant log should be signed by the operator to indicate the date and operating pres¬ 
sure of each test. Each safety valve should have a try lever with which it may be 
tested by hand. If the pressure shown on the steam gauge exceeds the pressure at 
which the safety valve is supposed to blow or if there is any other evidence of inac¬ 
curacy, no attempt should be made to readjust the safety valve until the correctness 
of the pressure gauge has been determined. 

Blowoff Pipe. If a continuous blowdown is not provided and particularly if the 
feedwater is of poor quality, the boiler should be blown down at frequent intervals 
to prevent serious scale accumulations. If it is necessary to blow down the water-wall 
headers, it should be done only when the boiler is under very light load or no load to 
avoid disturbing the circulation and possible overheating of the tubes. When blow¬ 
ing down a boiler where a valve and cock are used in the blowoff line, first open the 
cock and then open the valve slowly. After one gauge of water is blown down, the 
valve should be closed slowly before the cock is closed, to avoid water hammer. If 
there is only one valve, it should be opened and closed very slowly. Do not leave the 
boiler during the blowing-down operation. 

Feed Valve. The boiler feed line should have two stop valves, with a check valve 
between, located near the connection to the boiler. The feed water should enter 
each stop valve under the disk so that the disk will not act as a check valve 
and prevent water from entering the boiler should the disk become loose from the 
stem. 

Foaming and Priming. In case of foaming, reduce the furnace temperature and 
decrease the load on the boiler until the true water level can be determined. Main¬ 
tain a normal level by alternately feeding fresh water and operating the blowoff 
valve. Use the surface blowdown freely, if the boiler is provided with one. Cool, 
empty, and clean the boiler as soon as it can be done, and investigate the condition 
of the feed water being used. Have a sample of water analyzed, and get recommenda¬ 
tions for proper treatment. 

Automatic Controls. Automatic-control devices should be kept in good operating 
condition at all times. A regular schedule for testing, adjustment, and repair of the 
controls should be adopted and rigidly followed. The emergency low-water feeder 
and the low-water fuel-supply cutout should be tested daily when the boiler is in 
service, and the testing should be done in accordance with the manufacturer’s 
instructions. 

Banking the Fire. Clean the fire before banking. Push the fire back against the 
bridge wall, and cover with coal. Clean the balance of the grate and close the ashpit 
and fire doors. Adjust the damper, but do not close it tightly. The damper should 
be arranged so that it cannot be completely closed. Before breaking the banked 
fire, be sure the damper is wide open and that the furnace and breeching leading to 
the stack have been ventilated. 

Taking Boiler Out of Service. Stop the supply of fuel, burn out the fuel in the 
furnace, and cool the setting and boiler slowly. After the boiler ceases to require 
feed water, close the feed-water valves and the main steam stop valve. Keep the 
fire doors and damper open so that air will circulate through the furnace. Keep flue 
or smoke-box doors closed. One gauge of water at a time may be blown from the 
boiler and replaced with fresh water until the furnace is cool enough to permit empty¬ 
ing the boiler without causing damage to the boiler or setting and the pressure Has 
been reduced to 10 lb or less. The boiler may then be emptied and the manhole and 
handhole plates removed. 

Avoid Scalding Men. Attach a sign, no not open—man in boiler, to each valve 
in the steam lines, feed-water lines, and blowoff pipes connected to a boiler that is 
ready for cleaning and repair. Do not remove the signs or open a valve until the 
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boiler is closed and ready for filling. It is well to lock the main steam stop valves 
and blowoff valves in the closed position when the boiler being cleaned or repaired is 
in the same battery with other boilers under pressure. Padlocks and chains may be 
used for this purpose. 

Feed-water Treatment. It is necessary that most feed water be properly treated 
to prevent internal corrosion, deposition of scale, and formation of sludge and in some 
cases to avoid caustic-embrittlement cracking. Treatment of the feed water should 
be based on an analysis of the water and should be frequently checked. It is desirable 
that the feed-water treatment be checked at regular intervals by a reputable feed- 
water consultant. 

Cleaning Boiler. The frequency of boiler cleaning depends upon the quality of the 
feed water, the treatment used, and the kind of service to which the boiler is subjected. 
The scale condition should be kept under control, using mechanical means of clean¬ 
ing, if necessary. The use of a large amount of chemicals in the feed water or a change 
in feed water is likely to cause the loosening of a considerable amount of scale; there¬ 
fore, the boiler should be cleaned thoroughly within a few days after a change in feed 
water or treatment. 

Oil in Boiler. Oil acts as a nonconductor of heat and should not be allowed to get 
into a boiler, as it may cause overheating and bulging of plates and tubes as well as 
leakage at seams and tube ends. Soda ash or caustic soda used in reasonable amounts 
will aid in the removal of the oil. Oily deposits, when discovered, should be reported 
to the company’s inspector or the feed-water consultant for advice as to the proper 
means of removal. 

' Fusible Plugs. Fusible plugs, if used, should comply with any local laws that may 
be in effect, and they should be cleaned at each boiler washing and should be replaced 
with new plugs annually. 

Leakage and Repairing under Pressure. If small leaks occur, they should be 
located and repaired when the boiler is removed from service. If a serious leak occurs, 
the boiler should be removed from service immediately for inspection and repair. 
No repairs of any kind should be made to a boiler or piping while the parts upon which 
the work is to be done are under pressure. Neglect of this precaution has resulted 
in many serious accidents. 

Care of Idle Boiler. If a boiler is to be out of service for a month or more it should 
be emptied, opened, and cleaned internally and externally. It should then be dried 
out by building a small fire of paper or other light material in the furnace. Do not 
let the boiler get so warm as to be uncomfortable to the hand. See that no moisture 
can collect within or about the boiler. The manhole and handhole plates may be 
placed in position without tightening them. Remove and store the steam-pressure 
gauge and its siphon pipe, if likely to be damaged. The idle boiler w^hich remains 
filled with untreated water and covered with soot may deteriorate rapidly. If 
necessary to keep the boiler filled, treated water should be used to prevent internal 
corrosion. 

Corrosion. To prevent rapid external corrosion, do not allow moisture to come in 
contact with the outside of the boiler at any time. The mud drums, nipples, tube 
ends, and other similar parts of water-tube boilers should be kept free from soot 
while the boilers are idle. All parts of a boiler below the water line should be given 
an* external examination annually. 

Preparation of Boiler for Inspection. After the boiler has been cooled, remove the 
ash and flue dust from the grate and combustion chamber. Empty, open, and clean 
the boiler internally and externally prior to the inspection. Thorough examination 
of the boiler is necessary to its safety and gives protection to everyone connected with 
its operation. 
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Local Laws and Ordinances. The operator should understand all local laws 
relating to the duties of engineer and fireman and to the safety requirements of the 
work. A careless boiler operator is a source of danger to others as well as to himself. 


STEAM^GENERATOR TYPES 

The number and variety of boilers or steam generators manufactured make it 
impossible to present a detailed description of all types. However, it is possible to 



Fig. 21-2. Horizontal-return tubular boiler. The products of combustion after sweeping 
over the bottom of the shell pass through the tubes and out through the smoke box to the 
flue. Smoke box and rear of furnace have access doors. Refractories are used in the 
furnace and the rear of the furnace. {Power, December, 1946.) 



Flu. 21-3. Performance curves of horizontal-return tubular boiler. Boiler tested was 
72 X 18 — 150 hp, lOO-psi working pressure. Coal-fired curve is based upoai coal having 
13,900 Btu/lb as fired. Oil-fired curve is based upon bunker C having 18,600 Btu/lb as 
fired. 

break this broad topic into two classifications, the fire-tube and the water-tube 
types. 

Boilers are made in a wide variety of sizes, arrangements, capacities, pressures, and 
applications. There are available a numbers of designs that have been used for 
many years so that a great deal of operating experience and improvements have been 
incorporated into their design and construction. Many boilers have been stand¬ 
ardized to fit a wide range of application. Large plants and central stations are 
specifically designed to secure maximum effectiveness of operation and efficiency for 
the given conditions. 

Fire-tube and Water-tube Types. The broadest difference in the classification of 
generators is as between the fire-tube" and the ''water-tube" types. 
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In general, the fire-tube types are designated as ‘‘boilers,” z.c., they produce 
saturated steam only. While superheaters are sometimes fitted to these boilers, 
they are the exception rather than the rule. Fire-tube boilers include most of the 
smaller types of unit. 

In contrast, water-tube units are usually complex and incorporate a number of 
features to leave the primary tube bank as only one part of a comprehensive steam- 
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Fig. 21-4. Performance curves of horizontal-return tubular boiler. 


generating system. Water-tube units are thus usually called “steam generators” 
rather than boilers. 

FIRE-TUBE STEAM BOILERS 

Horizontal-return Tubular (HRT).^ This is probably the most thoroughly stand¬ 
ardized piece of equipment used in boiler work. Part of the heat-transfer surface is 
the bottom of the shell, which is swept by the products of combustion and which also 
receives some radiation from the furnace (Fig. 21-2). The gases then pass through 
tubes running through the shell; hence the name fire tube. Its low cost, simplicity 

^ Except as otherwise noted, the performance curves and typical illustrations in this section are 
reproduced through the courtesy of Erie City Iron Works. 




FIRE-TUBE STEAM BOILERS 713 

of construction, its relatively large water-holding capacity, and the ease with which it 
can be adapted to many methods of firing have all contributed to its long-standing 
popularity. Within its usual ranges of sizes and pressures, it is the most widely used 
type of boiler. The danger of overheating limits the amount of forcing. The 
efficiency is relatively high with proper design. Most of these types operate under 
200 psi, but units have been built for 400 psi. Shell sizes go as high as 96 in. in 
diameter. 


Performance curves, oil or natural gas 
-Sizes 36x6-0 to 44x14-0 with 3 "tubes 
Sizes 48x14-O to 90x20-0 with 4"tubes 
'Curves are based on 20% excess air at 
boiler outlet damper 

~ For 20 % excess air multiply draft by 100 
For 30 % excess air multiply draft by / 20 
- For 40% excess air multiply draft by 1435 
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Performance curves of horizontal-return tubular boiler. 


The HRT boiler^ operates well at an evaporation rate of about 5 lb of steam per 
sq ft of boiler heating surface per hr. They should not be forced beyond 7 Ib/sq 
ft/hr. 

The Combustion Engineering-Superheater Nuway boiler is a horizontal-return 
tubular boiler that has been revised in design to improve circulation and permit 
higher capa(;ities than in the conventional types. The tubes are 3 in. in diameter 
grouped in vertical banks. Baffles are placed between the banks. The open vertical 
lanes, between baffle plates, provide areas through which the water is free to circulate 
downward, without interference, establishing a definite circulation path. The steam 
generated at the surface of the tubes flows upward through the banks. This upward 
* De Lobenzi, Otto, ov, ctt. 
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circulation is confined, by the baffles, to the space in which the tubes are located. 
Water is carried along with the steam to the top of the tube bank. It is then free to 
return to the bottom of the drum through the unobstructed lanes between the baffles. 
Directly below each baffle is an angle which serves to direct the downcoming flow 
of water to the several banks. Rapidity of circulation is thereby materially increased. 
The maximum rate of evaporation should not exceed 9 Ib/sq ft/hr. 

The general acceptance of the horizontal-return tubular boiler has been because of 
their many good qualities, and in spite of the drawback of their riveted construction. 



Fig. 21-6. Two-pass HRT boiler— Economic type. Furnace gases pass through the short 
lower tubes and then return through the longer upper tubes, out tlirough the smoke box 
to the flue. Both the smoke box and the rear box have full-width access doors. Furnace 
and rear box are refractory-lined. 
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Fig. 21-7. Performance of two-pass HRT boiler- Economic. Test on a 160-hp boiler, 
100-psi working pressure. All coal-fired curves are based upon coal having 13,900 Btu/lb 
as fired. Oil-fired curve is based upon bunker C oil having 18,000 Btu/lb as fired. 


They have always been made in two (sometimes three) courses. This puts a riveted 
seam over the fire. Under severe conditions of service, leaks develop, and in extreme 
cases fire cracks form between the rivet holes and the boiler life is unduly shortened. 
The head seams, where the shell plates are riveted to the heads, sometimes need 
attention, and it is difficult to make these repairs without seriously disturbing the 
brickwork. These faults have been eliminated by the recent use of class 1 welding. 
The covering plates, called butt straps, which formed the horizontal seams have been 
ehminated. The flanged heads are butt-welded to the shell plates, forming one 
smooth continuous piece of metal. 

The Economic^* Type HRT Boiler. The '^Economic” type (Fig. 21-6) has the 
lower rear section formed into a half cylinder that is joined by flat plates to the upper 
shell. These flat plates must be stayed to prevent bulging. They are normally 
built for 150 psi but can be built for greater pressures. In some designs a water wall 
on each side of the furnace is incorporated, protecting the refractory. Another 



Table 21-1. Steel Boiler Institute Ratings for Commercial Steel Boilers 
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" Oil, gas, or bituminous stoker-fired coal, ^linimum furnace volumes for anthracite, stoker-fired, are not specified in this code. 

^ Bituminous stoker-fired. 

^ The return tapping sizes shown for boilers having 129 to 500 sq ft heating surface, inclusive, are adequate for forced hot water. 
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design has the lower section circular in cross section, which avoids the necessity of 
stays but at the expense of greater width. 

Water-leg Fire-tube Boilers 

Firebox Boilers. This type of unit has a portion or all of the furnace volume 
covered by steel plate in contact with the boiler water, and consequently there is no 
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Fig. 21-8. Performance of two-pass HRT boilers—Economic. 

need for refractory in the furnace. They are compact in design and can be shipped 
as a unit from the factory. Externally fired units are more expensive, but the fire¬ 
box boiler does not require the expense of brickwork or its maintenance. Having the 
furnace contained in the steelwork avoids air leaks through the setting common with 
poorly laid or poorly maintained brickwork. 

The furnace sides in firebox boilers cannot exceed about 350°F, the temperature of 
the water contained, and therefore do little toward promoting proper combustion 
in the furnace. (The cold furnace condition is alleviated in railroad locomotive 
boilers which are fitted with a refractory arch that heats up and raises the furnace 
temperature.) 

Water-leg Boilers. In this design of firebox boilers, a vertical water leg is placed 
on each side of the furnace. This construction makes the unit self-contained and 







FIRE-TV BE STEAM BOILERS 


717 


eliminates the need of a setting and refractory lining. The vertical walls are subject 
to the boiler pressure and must be stayed. The locomotive type is of such design, 
the rugged construction making it suitable for portable service. 

Figure 21-10 illustrates a locomotive type of boiler in two-pass design. It is 
equipped with a downdraft water-tube grate in the firebox. A refractory header 
diverts the draft down through the fuel bed so that partly consumed gases will pass 



Percent boiler rating 

Fig. 21-9. Performance of two-pass HRT boilers—Econoinic. 

over hot coals that have fallen through onto the lower shaking grate, to complete 
combustion. This type of boiler is seldom used any more. 

Heating Boilers 

The Steel Boiler Institute Ratings for Commercial Steel Boilers are given in Table 
21-1. Virtually all manufacturers of these types conform to this rating system. 
Copies of the Steel Boiler Rating Code, which also covers steel residential boilers, can 
be secured from the Steel Boiler Institute, Philadelphia, Pa. 

Heating Surface. The SBI rating of a boiler, expressed in square feet of steam 
radiation, in which hand-fired solid fuel is burned, is equal to fourteen times the 
heating surface of the boiler in square feet. 

The SBI rating of a boiler, expressed in square feet of steam radiatioh, in which 
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Fig. 21-10. Firebox-type boiler—two-pass locomotive type. Coal is fired on top of water- 
tube grate in the firebox. A refractory header diverts the gases down through the bed of 
burning coal, which then pass to the back of the boiler, and return to the front to the 
flue by means of a set of return tubes. 



Fig. 21-11. Performance characteristics of locomotive-type boiler. Although the test was 
run on a Kewanee type C boiler, the results are typical of the locomotive-type boiler. 
(Kewanee Boiler Corp.) 
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solid fuel is mechanically fired, or in which oil or gas is burned, is equal to seventeen 
times the heating surface of the boiler in square feet. 

1 sq ft of steam radiation = 240 Btu/hr 



Fkj. 21-12. Three-pass water-leg steel-heating boiler. {Fitzgihhona Boiler Co., type 2>.) 



Per cent of rating 

Fig. 21-13. Performance characteristics of three-pass water-leg boiler. Heating boiler of 
1,250 sq ft of heating surface, 15-psi working pressure. Coal-fired curves are based upon 
coal having 13,900 Btu/lb as fired; oil-fired curve is based upon bunker C having 18,600 
Btu/lb as fired. 

Grate Area. The grate area shall not be less than that determined by the following 
formulas: 



For boilers with SBI ratings of 4,000 sq ft of steam radiation and larger. 



where G = grate area, sq ft 

R = SBI rating, sq ft steam radiation 

Furnace Volume. The furnace volume for a boiler in which pulverized fuel or gas 
or stoker-fired bituminous coal is burned shall be not less than 1 cu ft for every 140 
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sq ft of steam SBI rating. No minimum furnace volume need be specified for mechan¬ 
ically fired boilers burning anthracite. 

Furnace Height. Furnace height shall be the vertical distance from the bottom of 
the water leg to the crown sheet measured midway between the side walls and midway 
between the front and back (or bridge wall if used) of the furnace. 

The furnace heights for bituminous coal stoker-fired boilers shall be not less than 
those shown in Table 21-1, column (8). 

If the minimum furnace htiight is not contained above the bottom of the water leg 
of a boiler, the manufacturer shall by illustration, text, and table of dimensions in 



Fig. 21-14. Performance characteristics of three-pass water-leg boilers. Heating boilers, 
200-300-500 series, bituminous coal, 15-psi working pressure. {Erie City Iron Works.) 

his catologue indicate clearly that the minimum furnace heights are to be obtained 
by setting the boiler on an extended base. 

Minimum Data to be Shown on Boiler. 

1. Manufacturer’s name and address 

2. Boiler number and type 

3. SBI symbol 

4. Heating surface in square feet 

Steel Boiler Institute Code. The steel heating boiler has been rather highly 
standardized through widespread adoption of the ratmg and dimensional code shown 
as Table 21-1. 
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Multipass Water-leg Boilers. Firebox boilers of the two-pass type resemble the 
brick-set two-pass boiler, previously shown in Fig. 21-10. The water leg that sur¬ 
rounds the sides of the furnace replaces the brickwork and makes the unit self-con¬ 
tained. Illustrated in Fig. 21-12 is a three-pass water-leg boiler that is used for 
heating service and hence is designed for a maximum pressure of 15 psi. With the 
proper modifications, it can be used with anthracite, bituminous (hand- or stoker- 
fired), or gas or oil. The firebox either extends almost the full length of the boiler or 
may be cut off by brickwork as firing methods dictate. The gases return to the front 
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Fig. 21-15. Performance (;haracteristics of three-pass water-leg boilers. Heating boilers, 
400 series, oil or natural gas, 15-p&i working pressure. (Erie City Iron Works.) 


of the boiler through the lower section of tubes and then pass to the back of the boiler 
and to the flue through the upper section of tubes. 

Special Boilers for Close Clearances with Split Fireboxes. A water-leg boiler of 
the multipass type shown as Fig. 21-16 is designed for conditions of minimum access. 
Hence dimensions are given as Table 21-2. This boiler is often convenient for 
replacements, where limitations of doorways, etc., would limit the use of other pre¬ 
fabricated units. The knockdown design permits the boiler to be disassembled in 
three or four parts: the shell (oval or round), the firebox in either one or two sections, 
and the base. These units, designed for heating service, have a maximum working 
pressure of 15 psi for steam and 30 psi for water. 




Table 21-2. Sizes and Dimensions of Pacific Split-firebox Boilers 

(See Fig. 21-16 for key to dimensions. All dimensions in inches) 
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Oval shell boilers 


Round shell boilers 


Fig. 21-16. Pacific steel boilers. Key to dimensions in Table 21-2. 


Vertical Water-leg Boilers. Another variation of the firebox boiler is the vertical 


design. Although one of the oldest typej 



Fig. 21-17. Vertical fire-tube boiler. This 
Manning boiler has the enlarged lower shell 
for greater furnace volume and grate area. 
The tubes are of the exposed type, that is 
the water level is below the upper tube 
sheet. Gases pass from the furnace ver¬ 
tically upwards through the tubes. (T^e 
Bigdow Company.) 


!, it is not used to any extent. The unit is 
self-contained and, because of the small 
floor area required, is useful mostly for 
restricted spaces. These boilers are 
relatively high, and sufficient vertical 
space must thus be allowed, plus addi¬ 
tional room for the vertical removal of 
tubes. Most designs are of the exposed- 
tube type, i.e.j the water level in the 
boiler is below the upper tube sheet so 
that the tube area above the water line is 
cooled by steam alone, producing, in some 
designs, a superheated steam. There is 
the possibility of tube overheating with 
subsequent leakage at the tube sheet. In 
the submerged-tube design, the tubesheet 
is in contact with the water which avoids 
overheating. In the Manning design, the 
furnace volume and grate area are in¬ 
creased by using a greater diameter of 
shell at the furnace and narrowing the 
shell above the furnace. 

Scotch Marine Boiler. This type of 
firebox boiler can be classified as a hori¬ 
zontal-return tubular boiler having a 
cylindrical internal furnace that is com¬ 
pletely surrounded by the boiler water. 
The Scotch marine boiler is of the wet¬ 
back type, i.e.y the combustion chamber 
is also completely surrounded by the 
boiler water (Fig. 21-18). This con¬ 
struction produces a compact furnace- 
boiler installation, with minimum length 
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due to the short tubes. In order to prevent the collapse of the furnace due to the 
pressure surrounding it, the furnace is stiffened with corrugations. Some designs 
incorporate stiffening rings spaced at regular intervals, or stays to the main shell to 
resist these collapsing forces. The flat surfaces of the combustion chamber must be 
carefully stayed at the areas unsupported by the tubes, or these surfaces will bulge 
and rupture. These boilers have from one to four furnaces about 7 to 8 ft long and 


/ Stay rods 

/ 

/ 



Fia. 21-18. Scotch marine or wet-back boiler. From the corrugated furnace the gases 
pass into the combustion chamber and then into the tubes to the front of the boiler to the 
flue. {Barnard, William N., Frank O. Ellenwood, Clarence F. Hirshfdd, Elements of 
Heat Power Engineeringf'* 3 ed., John Wiley & Sons^ Inc,^ 1933, p. 678.) 

Steam Safety 



Fig. 21-19. Scotch dry-back boiler, oil-fired. Gases pass from the furnace to the back 
and then to the front to the flue by means of the tubes. {The Bigelow Company.) 

have been built for pressures up to 300 psi. Their relatively high cost is offset by the 
lack of need of a setting. These types are also made double-ended; i.e., the boiler is 
made of approximately double length and is fired from each end. 

Scotch boilers have the advantage of being readily accessible for maintenance and 
repairs. Since they have generous steam-releasing surface and large steam volume 
they have a large steam capacity. Since their construction is simple, they require 
only a minimum engineering skill to operate and will produce reasonable efficiency. 
They are short in length and complete in themselves. They can be operated on 
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impure water while other types of boilers require reasonably fresh water. These 

advantages make them particularly well 



adapted to marine service or where space 
is valuable. 

The Scotch boilers possess a number of 
disadvantages. In general, their large 
bulk of water prevents them from raising 
steam rapidly, they do not readily respond 
to rapid demands of steam loads, and the 
large volume of water makes them heavy 
and bulky. These large volumes of steam 
and water make them extremely hazardous 
in case of an explosion. 

The trend toward higher performance 
efficiencies has resulted in the replacing of 
the Scotch boiler by the more modem 
designs of water-tube boilers. 

Dry-back Scotch boiler is a modified 
Scotch marine boiler that is used for sta¬ 
tionary service. In this design, the com¬ 
bustion chamber (refractory-lined) is 
placed outside the boiler shell and con¬ 
sequently is not subjected to the pressure 
force's present in the wet-back type (Fig. 
21-19). This simplifies the construction 
and reduces the (;osts. They are particu¬ 
larly well adapted to conditions where the 
over-all height is restricted, as in office buildings. High-volatile coals are not suitably 
burned in this type. The poor circulation characteristics of the lower shell cause 



Fig. 21-20. Performance characteristics 
of Scotch dry-back boiler. Predicted 
performance for 260-hp boiler, working 
pressure 176 psi, 200® feed, fuel-oil 
bunker C—18,500 Btu/lb. (The Bigelow 
Company.) 



Fig. 21-21. Three-pass package unit. The gases pass through the corrugated furnace to 
the rear and then through tubes to the front. The last pass carries the gases to the back 
and to the flue. The front and rear covers swing out on the davits to give access to the 
tubes for cleaning. (Ames Iron Works.) 


unequal expansions and contractions of the shell and tubes, tending to cause tube 
leakage. 
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Fire-tube Padcage Units. Both the fire-tube and the water-tube construction are 
used in the development of the ‘‘package” units. In these types, the boiler, feed- 
water pump, controls, draft fans, and firing equipment for gas or oil are all mounted 
on a single base. The elements are proportioned to operate effectively together so 
that the responsibility rests on one manufacturer. Since the unit is self-contained, 
it is shipped complete to the purchaser. Usually the only work to be done to place 



Fig. 21-22. Four-pass package unit. Illustrated is the diagrammatic sketch of a four- 
pass firebox package unit. Combustion occurs in the furnace shell and pass to the rear 
forming the first pass. The second pass occurs when the gases move from the furnace 
shell to the front of the unit by means of the upper bank of tubes. The third pass is to the 
rear through the middle banks of tubes, and the fourth pass is to the front by means of the 
lowest bank of tubes. The gases then go to the stack. In this drawing the baffles have 
been omitted for the sake of clarity. 



Fig. 21-23. Performance of four-pass package unit. {Preferred Utilities Mfg, Corp.) 

the unit in service after mounting is the connecting of electricity, steam, water, fuel, 
and flue. The construction resembles the Scotch dry-back, having a central cylin¬ 
drical furnace into which the flame is directed. In order to secure high heat absorp¬ 
tion with long runs, the gases flow through either three or four passes, depending on 
the design. In order to take care of the higher draft loss of the multipass design, 
mechanical draft is installed which eliminates the necessity for stack draft, and only 
a flue need be installed. 
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Table 21-8. Sizes and Capacities of T3rpical Horizontal-return Tubular Boilers^ 


Rated hp. 

45 

50 

60 

80 

100 

125 

150 

180 

200 

225 

250 

300 

Diam, in . 

48 

48 

54 

60 

66 

72 

72 

78“ 

78“ 

84“ 

84“ 

90“ 

Length, ft . . 

14 

16 

14 

16 

16 

16 

18 

18 

20 

18 

20 

20 

No. of 4-in. tubes . 

28 

28 

36 

44 

54 

70 

70 

88 

88 

108 

108 

140 

Length of grate, in 

54 

54 

54 

54 

54 

54 

60 

72 

78 

78 

84 

90 


1 Erie City Iron Works. 

« Boilers over 72 in. in diameter required by code to have overhead suspension. 


Table 21-4. Sizes and Capacities of Two-pass HRT Boilers, Economic Type^ 


Rated hp . 

20 

30 

40 

50 

60 

80 

100 

125 

150 

200 

250 

300 

Diam, in. 

30M 

36 

40 

40M 

44H 

54 

54 

60 

60 

66 

72 

78 

Heating surface, sq ft . 

203 

300 

400 

504 

608 

813 

1,000 

1,263 

1,500 

2,002 

2,514 

3,000 

Grate length, in . .. 

42 

48 

54 

54 

60 

60 

72 

72 

78 

90 

96 

108 

Grate width, in 

30K 

36 

40 

44K 

UVz 

54 

54 

60 

60 

66 

72 

78 

Grate area, sq ft 

8 9 

12 

15 

16 7 

18 5 

22.5 

27 

30 

32.5 

41 2 

48 

59.5 


1 Erie City Iron Works. 


Table 21-6. Sizes and Capacities of Scotch Dry-back Boilers^ 


Specifications for Oil-fired Boilers 


Boiler hp 

25 30 

40 

50 

60 1 75 

100 

125 

150 175 

200 

250 1 300 

Heating surface, sq ft 
Space required for tube 

221 279 

1 

376 

450 

576| 736 

1,014 

1,246 

1,504'1,769 

2,015 

2,523 3,024 

removal . 

6'5" 6'5'' 

1 

7'3" 

1 

8'9" 

1 

8'9",9'7" 

1 i 

11'4" 

12'2" 

12'8"j 12'6" 

12'10" 

13'8" 14'8" 


Specifications for Coal-fired Boilers 


Heating surface, sq ft. 

209 

265 

362 

431 

553 

710 1 

981 

1,208 

1,457 

1,719 

1,960 

Grate length . 

4'0" 

4'0" 

5'0" 

5'0" 

5'6" 

6'0" 

0'6" 

7'0" 

8'0" 

8'0" 

8'6" 

Grate area, sq ft. 

8 

9 

12 5 

12.5 

15 1 

18 0 

21.1 

24.5 

30 0 

1 

32 0 

36 3 


Note: Standard pressures are 100, 125, 150, and 200 psi. When required, unit may be designed 
for higher pressures. 

1 The Bigelow Co. 


Table 21-6. Sizes and Capacities of Vertical-firebox Boilers^ 


Boiler No . 

5 

6 

7 

8 

9 

10 

11 

12 

Hp based on 10 sq ft of water- 









heating surface 

108 

134 

165 

200 

255 

298 

345 

378 

Total heating surface, sq ft 

1,446 

1,794 

2,202 

2,681 

3,345 

3,914 

4,548 

4,971 

Water-heating surface, sq ft 

1,082 

1,344 

1,647 

2,001 

2,548 

2,975 

3,457 

3,776 

Biiperheating surface, sq ft 

364 

450 

555 

680 

797 

939 

1,091 

1,195 

Additional heating surface for 









each foot of tubes, sq ft. 

91 

113 

139 

170 

199 

235 

273 

299 


The Bigelow Co, 
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Table 21-7. Sizes and Capacities of Locomotive-type Boilers^ 

(For Bteam preRstires of 100, 125, and 150 psi) 


Boiler No. 

376 

3,500 
25 
840 
250 
11 4 
42 
8'3'' 

377 

378 

379 

380 

381 

382 

383 

Rating 

Steam radiation, sq ft. 

Hp . 

1,000 Btu/hr . 

Heating suriacc (SBI code min), sq ft 

Grate area (SBI code min), sq ft. 

Boiler diam, in. 

Boiler length . 

4,000 
29 
960 
286 
12 2 
42 
9'3" 

4,500 

32 

1,080 
322 
13 4 
48 
8'9" 

5,000 

36 

1,200 
358 1 
14 5 
48 1 
9'6J^i" 

6,000 
43 
1,440 
429 
16 4 
54 
9'4" 

7,000 

50 

1,680 
500 
18 1 
54 

12'11" 

8,500 
61 
2,040 
608 
20 5 
60 

12'8H" 

10,000 
72 
2,400 
715 
22 5 
60 
14'9" 

Boiler No . 

384 

385 

j 

386 

387 

388 

389 

390 

Rating: 

Steam radiation, sq ft. 

TTp 

1,000 Btu/hr. 

Heating surface (SBI code mm), sq ft 
Grate area (SBI code min), sq ft 

Boiler diam, in. . 

Boiler length. 

12,500 
89 
3,000 
893 
25 6 
66 
14'11" 

15,000 
107 
3,600 
1,072 
28 4 
66 
17'4" 

17,500 
125 
4,200 
1,250 
30 9 
72 
16'5" 

20,000 
143 1 
4,800 
1,429 
33 2 
78 

! 20'7K" 

1 

25,000 
179 
6,000 
1,786 
37 4 
78 

20'7M" 

30,000 
214 
7,200 
2,143 
41 2 
84 

' 19'11" 

35,000 
250 
8,400 
2,500 
44 7 
84 

22'8" 


1 Kewanee Boiler Corp. 


Table 21-8. Capacities and Performance of Some Three-pass Package Units^ 


Size No. . 

A-150 

A-200 

- 1 

A-250 

A-300 

Rated hp . 

150 

200 

250 

300 

Lb steam/hr 

5,180 

6,900 

8,630 

10,350 

Btu/hr 

Equivalent direct cast-iron radiation, steam/sq 

5,025,000 

6,700,000 

8,375,000 

10,050,000 

ft 

Equivalent direct cast-iron radiation, water/sq 
ft ... . 

20,938 

27,917 

34,896 

41,875 

33,500 

44,667 

55,834 

67,000 

Full-load firing rate, No. 5 oil/gal/hr .... 
Full-load firing rate, No. 6 or bunker C oil/gal/ 

42.5 

56 5 

70 5 

84 5 

hr . . 

41 5 

55 0 

69 0 

82 5 

Mm diam gas vent required, in . 

18 

20 

20 

22 


Note: All fiRurps fsivcn for boiler output arc at the boiler outlet and are from and at 212°F, The 
full-load firing rates arc based on average Btu contents of fuel as follows: 

No. 5 oil . 148,800 Btii/gal 

No. 6 or bunker C oil... . 152,400 Btu/gal 

1 Ames Iron Works. 


Table 21-9. Sizes of Four-pass Package Units^ 

(Steam pressures 100 to 200 psi) 


Hp. 

20 

30 

40 

50 

60 

70 

80 

100 

125 

Approx rated capacity, lb steam/hr, 
212°F . 

700 

1,050 

1,380 

1,725 

2,070 

2,420 

2,760 

3,450 

4,300 

E.D.R. steam" . 

2,780 

4,170 

5,560 

6,950 

8,340 

9,730 

11,120 

13,900 

17,375 

E.D.R. hot water" . ... 

4,460 

6,690 

8,920 

11,150 

13,380 

15,610 

17,840 

22,300 

27,875 

Size of vent pipe, in . 

8 

10 

10 

12 

12 

12 

15 

15 

16 


Hp. 

150 

200 

250 

300 

350! 

400 

450 

500 

Approx rated capacity, lb steam/hr, 
212°F. 

5,200 

6,900 

8,600 

10,500 

12,000 

13.800 

15,500 

17,000 

E.D.R. steam" . 

20.850 

27,800 

34,750 

41,700 

48,6,50 

55,600 

62,500 

69,500 

E.D.R. hot water" 

33,450 

44,600 

55,750 

66,900 

78,050 

89,200 

100,300 

111,500 

Size of vent pipe, in . 

18 

20 

22 

24 

26 

28 

30 

30 


1 Preferred Utilities Mfg. Corp. 

® E.D.R. s=* equivalent direct radiation. 
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An example of the three-pass t 3 rpe is shown in Fig. 21-21. The first pass is through 
the tubes around the furnace to the front, and the third pass is to the rear of the 
furnace. 

These units, as manufactured by the Ames Iron Works, Oswego, N.Y., arc available 
in sizes from 10 to 300 hp in press\ire from 15 to 200 psi with an 80 per cent guaranteed 
efficiency. 

An example of the four-pass type is shown in Fig. 21-22. The gases pass to the 
rear of the unit through the central furnace, arc brought to the front by means of 
the upper bank of tubes, pass to the rear by means of a middle bank of tubes, and 
return to the front by means of the lowest bank of tubes, and from there pass through 
the induced-draft fan to the vent pipe. This unit a, manufactured by the Preferred 
Utilities Corp., New York, is available in many sizes from 20 to 500 hp and for pres¬ 
sures up to 250 psi fired with heavy oil. For light-oil firing the four-pass unit is 
available in sizes from 20 up to and including 80 hp and pressures up to 250 psi. 
This company also has available a two-pass miit that is designed to operate fully 
automatically with a commercial grade of No. 2 or lighter grade of fuel oil and with 
a guaranteed thermal efficiency of 75 per cent, and uses the induced draft of the four- 
pass units. It is available in either 20- or 30-hp sizes for 15 psi design pressure. 

Sizes and Capacities of Fire-tube Boilers 

In Tables 21-3 to 21-9 are given some typical sizes and capacities available 
of the various fire-tube types already illustrated. It must be emphasized that, even 
though a manufacturer’s name appears over a table, it does not mean that this is the 
only fabricator of this type or that these are the only sizes made. There are so many 
manufacturers that no attempt is made to list them. For such a tabulation refer to 
the Mechanical Catalogue and Directory,” published by the ASME. 

WATER-TUBE STEAM GENERATORS 

Comparison with Fire-tube Type. The water-tube steam generator came into use 
long after the successful application of the fire-tube types. Small-diameter tubes and 
relatively small diameter drums made it possible to achieve present-day high tem¬ 
peratures and pressures. In order to secure high capacity in a fire-tube unit, drums of 
large diameter must be used to contain the large amount of tubes. In the design of 
thin-walled cylinders, doubling the drum or cylinder size doubles the thickness. 
Also, if the pressure is doubled, the thickness must also be doubled. If both the shell 
diameter and pressure are doubled, the thickness of the plate must be quadrupled. 
Consequently, the fire-tube type quickly reaches limits of size and pressure, since the 
shell thickness required becomes excessively thick, leading to difficulties of fabrication 
and of overheating and burning of the plate because of unequal distribution of tem¬ 
peratures. Water-tube types are not affected by these difficulties, since their elements 
are of small-diameter tubes, not usually over 4 in. in diameter, and the drums not 
usually over 66 in. in diameter. Also, the drums can be placed where they are not 
subjected to high temperatures. The tubes, which are not excessively thick even at 
high pressures, are subjected to high temperatures but can be kept from overheating 
by proper circulation design and use of suitable feed- and boiler-water treatment. 
Tubes may be added or lengthened to secure higher capacities. Because the only 
pressure parts which are normally exposed to the high temperatures are the tubes, 
which individually contain only relatively small amounts of water and steam, failure 
of pressure parts is confined to a localized area with a resultant increase in safety of 
operation. 

The water-tube steam-generator classification is a broad grouping to cover those 
units which have water or steam or both circulating in tubes that are swept on the 
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outside by the gases passing from the furnace to the flue. Because of flexibility of 
arrangement possible with arrangements of drums and tubes, there are a great number 
of designs of steam generators available, There is very little standardization of 
complete units, most applications being “tailor-made’* to fit the customer’s require¬ 
ments. In order to benefit from the economy of repetitive production, many of the 
elements of a number of types are standardized. This produces sufficient elasticity of 
design that the manufacturer may readily design and produce a wide variety of sizes 
and capacities of steam generators. This system is common in the low-pressure, 
small- and medium-capacity types, but the users of high-pressure and high-capacity 
units, such as central stations, discourage this practice, contending that it tends to 
retard progress and improvemejit; hence these units are completely “custom-built.” 
There have been frequent cases, of late, within specific systems, where satisfactory 
existing units have been duplicated to advantage. 

Straight-tube Types 

Water-tube generators may bo classified according to types of tubes (straight, bent, 
and coil); according to the number of drums (one, two, three, four, and five drums 



Fig. 21-24. Longitudinal-drum straight-tube boiler. This unit is equipped with box 
headers. The baffling directs the gases to the rear, then along the tubes to the front, and 
then along the bottom of the drum to the rear. {Erie City Iron Works.) 


being the most commonly used); and according to the arrangement of the drums or 
headers (cross drum or longitudinal drum). 

The straight-tube type has the following advantages: 

1. Ease of fabrication of tubes. However, box and sectional headers are not 
always easy to fabri(iate. 

2. For replacement only a few tubes need be kept in stock since they are identical. 

3. A tube can be readily replaced without disturbing any of the others. 

4. Scale can easily be removed from the inside of the tubes, by simple mechanical 
methods. 

5. Under certain conditions, there is lower headroom. 
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The disadvantages are: 

1. Large number of handholes giving access to the tube ends are expensive to 
produce. To clean all tubes, a large number of handhole covers must be removed. 

2. Straight-line expansion of the tubes can set up high stresses with improper 
design. 

3., Generally slightly higher in price than equivalent three-drum units. Generally 
slightly higher exit-gas temperature, because of tube-and-baffle arrangement. 

4. More drum surface exposed to hot gases on longitudinal-drum type. 

Longitudinal-dnim Straight-tube Type. This design is one of the oldest of the 
water-tube boilers. Changes in manufacture have improved the boiler structurally, 


iSuperheafer 



Fig. 21-25. Marine cross-drum steam generator. Cross drum, straight tube, forged 
steel, sectional header marine steam generator, arranged for oil firing and three flows of 
gases across the heating tubes. A convection superheater is placed at the top of the first 
and second gas passes. Units of this type were used on the Liberty ships of the U.S. 
Maritime Commission. Capacity 24,000 lb of steam per hour, at 220 psi, and 450°F. 
(Foster Wheder.) 

but the design is still fundamentally simple. They have a disadvantage, in that in 
order to increase the furnace width and the capacity more expensive drums must be 
added. This type is still used in industrial plants but is now virtually obsolete. 

The longitudinal-drum type is made with the drum horizontal or with the drum 
sloped as conditions dictate. Headers drop from the front and the back of the drums; 
these headers are coimected by the straight tubes. The headers are of either the box 
type or the sectional header. The box header is of rectangular cross section (Fig. 
21-24). in order to resist internal pressure, stay bolts must be used to prevent the 
plates from bulging. This stay-bolt construction usually limits the maximum pres¬ 
sure to 300 psi. In the horizontal-baflfle type, the stay bolts are hollow to permit the 
insertion of soot-blowing nozzles, and in the cross-baffle type they are solid except at 
the end where they are drilled for riveting and inspection. A handhole is located 
opposite each tube end. Firing is usually at the high end of the tube slope. The 
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header at the low end of the slope acts as the dow’ncomer.^ The blowdown pipe is 
located at the bottom of this header where the mud can be expected to collect, carried 
there by the circulation. 

In the straight-tube type of boiler, the cross drum has largely superseded the 
longitudinal-drum boiler, particularly in the higher capacity units, because of the 
elasticity of design. Because of the arrangement of the longitudinal drum and the 
tubes, there is a very definite limit to the number of tubes and hence the amount of 
heating surface and capacity per drum. Also, the 
cross drum is a better design in that sectional 
headers instead of box headers can be used, thereby 
permitting higher pressures, and the cross-drum 
design places most of the drum out of contact with 
the hot gases. Higher capacity in the cross drum 
design can be secured simply by the lengthening 
of the drum and the tubes, which is far more 
economical construction for the higher capacities. 

The cross-drum boiler can be equipped with a 
box header but is usually equipped with the 
sectional header, which, as its name implies, is a 
vertical header having only one or two tubes in 
width horizontally, usually staggered (Mg. 21-25). 

Knough of these sections arc fastened together to 
secure the number of tubes required. Usually the 
headers are vertical with the tubes entering at an 
angle; but in most marine practice the header is 
inclined, the tube entering at right angles to the 
header. Since the individual header section is 
separate from the adjoining sections, the circulation 
through the header follows as many paths as there 
are sections. Short tubes (jonncct the header to the 
drum immediately above, while horizontal circu¬ 
lator tubes connect the other header to the drum 
and complete the water circuit. The lower header 
is connected by a cross box which a(;ts as a mud 
drum, to which are connected suitable blowdown 
pipes. Using the sturdy construction of the sectional header, these units are 
built for pressures ranging from 100 to 2,000 psi. The foregoing upper limits are 
based on units that have been built, but they do not necessarily represent the limits for 
which these designs are now recommended. 

High-capacity Sectional-header Type. When pulverized coal came into successful 
use, high-capacity high-pressure straight-tube units were designed for this application. 
Many of the high-pressure sectional-header units were operated at evaporative rates 
that exceeded the previously established safe values. Some of these units experienced 
difficulties with water circulation. Also, with poor grades of coal, slag was deposited 
on the tubes at the entrance to the tube banks. This difficulty was partly solved by 
the slag screen, wliich consisted of the rearrangement of the lower rows of tubes in 
both the horizontal and the vertical direction. The spacing in both directions was 
increased, which gave lower gas velocities, and slag bridging between the tubes was 
retarded. The foregoing difficulties, together with the development of welding 

^ Downcomer is any passage that carries cooler water from the upper level (or drum) of a steam¬ 
generating unit to the lower level (or drum). 



Fig. 21-26. Vertical straight 
water-tube boiler. Vertical 
water-tube unit employs upper 
drum for the release of steam; 
the lower one for mud drum. 
Dutch-oven furnace has water- 
cooled arch tied into the circu¬ 
lating system. Baffling is ver¬ 
tical. {Power, December, 1946.) 



734 


BOILERS AND STEAM GENERATORS 


technique, which made rapid fabrication of drums practical and economical, served 
to accelerate the use of bent-tube designs. 

The vertical straight water-tube design utilizes the lower drum as a mud collector 
and the upper one for steam release. Vertical baffling directs the passage of the gases. 
This type is virtually obsolete (see Fig. 21-26). 

Bent-tube Types 

The bent-tube types have the following advantages: 

1. Elasticity of design. A large number of designs of various combinations of 
drums and tube arrangements is available. 

2. The large number of handholes necessary with the straight-tube types is 
eliminated. 

3. The curved tubes bow on heating if the ends are restricted, which helps to elimi¬ 
nate high stresses which are a characteristic of the straight tubes under similar 
circumstances. 

4. Heat transfer is generaUy better because of smaller tubes and more effective 
baffling. 

5. Higher ratings are usually feasible because of better circulation. 

6. Generally they are less expensive for comparable size. 

7. The three-drum type usually requires less headroom. 

The disadvantages are: 

1. Because of the wide variety of shapes of the tubes in a single steam generator, 
large numbers of tubes must be kept in stock for immediate replacement. 

2. Tube cleaning is more difficult in the bent type; operations must be conducted 
from the inside of the drum. 

3. Tube replacement is more complicated; in some designs other tubes must be 
removed to get at the injured tube. 

Arrangement. The bent-tube types are characterized by the wide variety of 
arrangement of drums and heating surface, which gives groat flexibility of design. 
The number of drums varies from two to five or more, the common arrangement being 
two and three or four. In general, the upper drum serves to release the steam, while 
the lower drum serves as the mud drum and has the blowdown piping connected to it. 
With the multidrum construction, there arc several upper drums, all of which are 
almost totally submerged except one which serves to release the steam. In some 
designs, one of the drums is totally dry, into which the steam from the release drum 
discharges. 

Tubes are 3 or 3^ iii- iii diameter, and some designs feature smaller tubes (2 or 
23 ^ in.) in the rear passes. Use of the smaller tubes in rear passes, where heat 
transfer is almost wholly by convection, gives greater heat-absorbing area. Employ¬ 
ing baffles to give cross travel at the rear increases heat absorption at the cost of 
somewhat greater draft loss. Bent-tube boilers are designed for parallel gas flow as 
well as cross flow, depending on proportions and allowable draft loss. 

General practice for bent-tube boilers involves introducing feed water into an upper 
drum, usually the steam-release drum, and distributing it across the drum length. 
This aims at preventing a concentrated rush of comparatively cold water against 
drum areas, tube ends, or nozzles, resulting in differential-expansion stresses. Also, 
this gives better mixing of feed and boiler water. In some cases feed water enters the 
mud drum and is directed from there through tubes in convection passes to an upper 
drum. This feed-water travel through convection heating areas is akin to economizer 
action. As in straight-tube boilers, drums are often provided with arrangements for 
washing and scrubbing outgoing steam with incoming feed water. 

Although bent-tube boilers display a wide variety of drum-and-tube arrangements, 
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there has beeiv and is a definite trend to development of standardized designs. As 
might be expected, this trend is most noticeable in the smaller units, but essentially 
standardized designs have been developed for outputs up to and beyond 300,000 lb 
per hr. In the smallest size units, standardized steam generators may be factory- 


assembled and delivered to the site as a 
complete unit. Where dimensions make 
this impractical, subassemblies are put 
together at the factory, and the only site 
erection required is the combining of the 
subassemblies. In the upper size range, 
the amount of factory assembly is usually 
small, but standardization effects sulv 
stantial savings in engineering and 
fabrication. 

Two-drum Type. Drum Axis Parallel 
to Longitudinal A xis of Furnace . The two- 
drum unit, illustrated in Fig. 21-27, is a 
standardized steel-cased design. In sizes 
up to about 250 hp they may be shipped 
complete as a boiler-furnace unit. Larger 
sizes are available, adaptable to all 
methods of firing. In order to secure 
more furnace volume, all that is necessary 
is to lengthen the water-wall tubes. This 
may necessitate erection in the field, or 
the unit may have to be mounted on 
brick foundations. 

The upper water and steam drum ex¬ 
tends the whole length of the steel-insu¬ 
lated casing, while the lower drum is only 
about half the length of the upper. Bent 
tubes connect the upper and lower drum. 



Fig. 21-27. Steel-cased two-drum unit. 
Gases from the furnace go through the 
vertically baffled passes at the rear of the 
unit and then pass out through the opening 
at the top. {Rowley, /. N., B. G. A. 
Skrotzki, J. L. King, J. C, McCabe, Steam 
Generation, Power, December, 1946.) 

A header on each side of the furnace is con¬ 


nected to the upper drum by the water-wall tubes. 


The baffles in the main bank of tubes are vertical and are arranged to give several 


passes to the gases before they pass out through the unit at the top. 



‘ Per cent of rating 


Fig. 21-28. Performance of two-drum unit, 150 hp, 160 psi. Erie City type VL boiler. 
Coal-fired curves are based on coal having 13,900 Btu/lb as fired. Oil-fired curves are 
based upon bunker C oil having 18,600 Btu/lb. {Erie City Iron Works.) 

Two-drum Integral-furnace Cross Drum, Small Capacity. The steam generator 
shown in Fig. 21-29 is an application of the two-drum integral furnace to installations 
of lower capacity fired by stokers or oil burners. The furnace is water-cooled; the 
front wall, as well as the rear or bridge wall, side walls, and roof of this furnace are 
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Fig. 21-29. Two-drum integral furnace. {The Babcock & Wilcox Co.) 


Table 21-10. Sizes of Two-drum Integral-furnace Boilers^ 

(Capacity rango: 5,000 to 50,000 lb fetcam/hr. Nominal rating: 200 i)or cont for spreader stoker, 
175 jier cent for underfeed stoker for coal of ash-fusion temp greater than 2200°F, and 
250 per cent for oil) 


No. of tubes wide 


oize oi Douer 










IG 

20 

24 

28 

32 

36 

40 

44 

F-9: 









Heating surface, sq ft 

1,353 

1,654 

1,956 

2,258 

2,560 

2,863 

3,164 


Steam-outlet size, in 

4 

4 

4 

4 

4 

4 

5 


Feed size, in. 

F-12: 


1>2 


U2 


2 

2 


Heating surface, sq ft 

1,984 

2,414 

2,843 

3,273 

3,703 

4,134 

4,563 


Steam-outlet size, in... 

4 

4 

4 

5 

5 

5 

5 


Feed size, in. 

F-15; 


IH 

2 

2 

2 

2 

2 


Heating surface, sq ft 


3,160 

3,717 

4,274 

4,832 

5,392 

5,949 

6,506 

Steam-outlet size, in . . 


5 

5 

5 

6 

6 

6 

6 

Peed size, in. 


2 

2 

2 

2H 

2H 

2)4 

2}4 


» Babcock A Wilcox Co. 
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all water-cooled. The furnace is arranged so that there is a primary combustion zone 
followed by an open pass. With this design the gases are thoroughly mixed while at 
high temperatures, thereby aiding in efficient and smokeless combustion. All 
baffles are vertical, thereby shedding fly ash and permitting easy tube removal. Gas 
flow in boiler bank is cross flow, giving maximum heat-transfer rate. 

Two-drum Medium Capacity. One design, type VU, as shown in Fig. 21-30, is a 
complete steam-generating unit applicable to a wide range of load and fuel require¬ 
ments. It is built to standardized specification and is characterized by an integrated 



Fig. 21-30. Two drum medium-capacity unit. (Combustion Engineering-Superheater^ 
Inc.) 


design in which the furnace is located in front of the convection surface, rather than 
below it. It is a compact symmetrical assembly of furnace, boiler, and superheater 
surfaces. Any longitudinal section taken through the furnace from front to rear of 
the unit is similar to any other section taken likewise and has its own complement of 
furnace, water-heating surface, and superheater surface. Consequently, the gases 
enter the tube bank at virtually constant temperature across the entire width of the 
unit. This important characteristic is maintained throughout the remaining heating 
surfaces. The unit is usually enclosed in a welded-steel casing, although a brick 
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setting may be used if desired. With the airtight steel construction, all circulatory 
tubes or headers are located entirely within the casing, where they serve as effective 
heat-absorbing surfaces. 

A considerable amount of latitude in application is provided by varying the dimen¬ 
sions of the unit in standardizcul increments; all the details are standardized. Installa¬ 
tions include capacities from 15,000 to 300,000 lb st(;am per hr; working pressures up 
to 1,000 psi and total temperatures to 910°F. The unit may be supplied with or 
without external economizer, or with both. The air heater may be of plate, tubular, 
or regenerative type. This steam generator may be fired by pulverized coal, oil, 
gas, or mechanical stokers of the spreader, underfeed, or traveling-grate type. 
The furnace design may be modified to burn waste fuels su(;h as bagasse and 
wood. 



Fig. 21-31. Three-drum boiler, type 3-C. {Eric City Iron lFor4:s.) 


In the boiler section, the tubes in the front bank are subject to high rates of heat 
absorption and are 3 in. in diameter to provide for adequate circulation. The number 
of rows in this bank may be varied to satisfy superheater requirements. The first 
row of tubes in the second bank is used as a baffle support, and the tubes are 3 in. in 
diameter to provide strength. The remaining tubes of the second bank, being subject 
to relatively lower temperatures, are 2 in. in diameter to provide additional heating 
surface in this space. The upper drum may vary in diameter from 48 to 66 in. The 
steam generated in the furnace and boiler tubes is discharged into the upper drum 
where the entrained water is removed by baffles and screens. 

All furnace tubes are 3 in. in diameter and are connected to the boiler drums 
through headers and circulators. The amount of water-cooled surface depends on 
the method of firing and the probable furnace conditions. For pulverized-coal 
filing, the tubes are spaced at adequate distance to prevent slag bridging. 
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Three-drum Type. The boiler shown in Fig. 21-31 is of the three-drum type. 
The upper two drums serve as both steam and water drums. The steam leaves the 
rear drum directly through a nozzle or through a bank of tubes which extend the 
entire width of the boiler, the tubes connecting into a discharge header. These tubes 



Per cent of rating 


Fig. 21-32. Performance curves of three-drum boiler. Boiler as tested—150 hp, 150-psi 
working pressure, four water walls. Coal-fired curve is based upon coal having 13,900 
Btu/lb as fired. Oil-fired curve is based upon bunker C having 18,600 Btu/lb. 



Fig. 21-33. Performance curves of three-drum boiler, bituminous-coal fired. Set 12 ft, 
regular baffles. 

are inside the setting in the path of the gases in the second pass of the boiler and serve 
to dry and superheat the steam as it passes from the rear drum through the tubes to 
the header situated above the front drum. Steam delivery with 8 to 10®F of super¬ 
heat is not uncommon. Space is provided for the installation of any standard type 
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of superheater without interfering with the accessibility of the boiler. The smaller 
type units can be shipped completely assembled. This type of unit has the advantage 
of being adaptable to low-head installations. 



Fig. 21-34. Performance curves of thrce-diiim boiler, oil-fircd, set 12 ft. 

Four-drum Stirling Boiler. The Stirling four-dnim type was one of the earliest 
designs of bent-tube boilers extensively used, and it is still in active demand. This 
unit (consists of a lower or mud drum, and three upper drums which are connected by 
water circulators and steam connectors (Fig. 21-36). All the drums of the front bank 
connect to the front drum, so that dissipation of the high-velocity discharge of the 

Table 21-11. Sizes and Capacities of Three-drum Boilers^ 

Soinp typical capacities of 100 to 1,000 hp for usual steam pressures and 
temperatures. Type 3-(/, standard sizt^s arc given; any other 
required size can be made 


No. of tubes 


















wide-* 

8 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

Heating sur¬ 
face, sq ft 
Furnace vol¬ 

1,200 

1,600 

1,800 

2,100 

2,400 

2,700 

3,000 

3,300 

3,600 

3,900 

1,200 

4,500 

4,800 

5,100 

5,400 

5,700 

6,000 

ume, cu ft 
Diam of 

353 

441 

529 

617 

705 

794 

882 

970 

1,057 

1,146 

1,234 

1,322 

1,410 

1,499 

1,687 

1,676 

1,763 

stack, in 

30 

30 

36 

36 

42 

42 

42 

48 

48 

48 

64 

54 

54 

60 

60 

60 

60 


Note: The charactenstics of the type 3-C, the most popular model, are described here. Also available are the type 1-C, 
2-C, and the 4>C. These differ from the 3-C iii drum size and spacing. 

1 Erie City Iron Works. 
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Fig. 21-35. Stirling boiler. {The Babcock & Wilcox Co.) 
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steam-and-water mix is confined to the front drum and is isolated from the steam dis¬ 
charge at the rear drum. In this first drum then, the initial separation takes place 
and a large portion of the water is removed from the steam. Additional separation 
occurs in the middle drum, and final separation occurs in the rear drum. The arrange¬ 
ment of the steam and water circulators governs the water level in the three upper 
drums—highest in the front drum, about half full in the middle drum, and lowest in 
the rear drum—to provide maximum steam space. 

The basic design is flexible enough so that it is adaptable to a wide variety of 
furnace design. Any degree of furnace-water cooling—complete, partial, or none at 

all—may be used, depending upon fuel 
characteristics, type of burning equip¬ 
ment, burning grates, load, and available 
space. Wide spacing of the front bank 
of tubes prevents bridging of slag between 
the tubes. 

Experience has shown that the four- 
drum type can be operated at high capac¬ 
ity with a minimum of internal baffling. 
However, if the proper drum internals are 
used, the three upper drums may not be 
necessary for steam separation, and two 
upper drums are sufficient. Eliminating 
a drum results in less expensive con- 
stru(;tion. The units can be arranged for 
pulverizcd-coal firing, underfeed and 
spreader stokers, oil gaseous fuels, and 
wood or bagasse firing. 

HIGH-PRESSURE STEAM 
GENERATORS 

High-pressure steam generators are by 
far most widely used in the modern 
central stations of the public utilities. 
They generally fall into two pressure 
classifications, 900 to 1,000 psi and 1,200 
to 1,500 psi, these two ranges being 
dictated largely by the turbine manufacturers. The steam temperatures range from 
850 to 1050°F. Although these are the normal ranges, some units of large capacity 
(900,000 lb steam per hour) have recently been sold for operation at 2,000 psi and 
1050°F. Provisions are usually made for maintaining constant temperature from 
maximum load down to some partial predetermined load. The units consist of com¬ 
pletely water-cooled furnaces, large superheaters, a boiler convection bank, econo¬ 
mizers in some cases, and large air heaters. The amount of convection surface depends 
on whether or not an economizer is used, the steam temperature desired, and the 
amount of steam-temperature control desired. If reheat cycle is employed, the basic 
furnace design may remain the same, but the relative location and disposition of 
superheater and economizer convection surface may vary considerably. 

Efficiency and Performance. Small units operating at about 200 psi, with no heat 
traps such as air preheaters or economizers, are generally designed for efficiencies 
from 70 to 80 per cent. 

Medium and large units are designed for efficiencies of 80 to 90 per cent. This 
efficiency depends on a number of factors such as first cost, type of fuel and firing, 



Fig. 21-36. Range of size of Stirling 
boilers. The availability of approximately 
2,000 combinations of standard widths and 
cross sections of Stirling boilers assures the 
application of the one unit best suited to 
specific capacity and space conditions. 
The range of capacity is from 20,000 lb of 
steam per hour to 400,000 lb of steam per 
hour at top conditions of 950°F and 950 psi. 
(^The Babcock & Wilcox Co.) 
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cost of fuel, load factor, and boiler rating. Generally any one installation is sold for 
a specific performance that usually includes guarantees of maximum continuous 
capacity, efficiency or exit-gas temperature, steam quality, draft loss, and steam tem¬ 
perature to plus or minus 10° if a superheater is includ^id. 


Special Steam-generator Forms ^ 

The usual steam generators in common use are of conventional natural-circulation 
design using drums, tubes of large diameter, and headers. Boiler engineering here 
and in Europe has, however, concerned itself with changes in these basic designs to 
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Fig. 21-37. Specsial boiler forms. {Applied Energy Conversion.) 


produce better boilers in various respects. Foreign developments have been vari¬ 
ously promoted by the ability to burn poor coal, the desire to lessen the quantity of 
steel used and lower the cost of field labor, extensive interconnections which lessen the 
importance of any one station, and the desire to use high-pressure steam. 

Boilers that enter the category of a special type cannot be simply defined. In 
general, one or more of the following features tend to put a boiler in this class: 

Forced circulation Pressure combustion 

Small tubes Multiple circuit 

Lack of drums Extreme compactness and low weight 

The various important boilers that have been developed and built are indicated in 
the diagrammatic sketches of Figs. 21-37 to 21-39. 

La Mont Boiler. This boiler or forms of it have been built here and abroad. It is 
a forced-circulation boiler using small-diameter tubes for the evaporating section. 
Orifices control the water flow to different evaporator sections. This permits various 
arrangements of the heat-transfer surface. The drum can be placed outside the 
furnace section. The boiler is very flexible in design owing to the forced circulation, 
and the small tubes make for a unit with high specific output. The design can be 

^ Skbotzki, B. G. a., and W. A. Vopat, “Applied Energy Conversion,” pp. 312-315, McGraw- 
Hill Book Company, Inc., New York, 1945. 
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used for high or low pressures and various outputs and is the most used of the special 
boilers. 

Loeffler Boiler. This unit has been designed to overcome feed-water troubles for 
high-pressure boilers. Feed water is passed through an economizer to a drum which 
is external to the steam generator. It is changed to saturated steam by allowing 
superheated steam to pass through it. The saturated steam formed flows to radiant 
and convection superheaters. Leaving here, it divides, about two-thirds going to the 
evaporator drum, and one-third to service. A turbine-driven steam pump is used to 
cause the flow of steam from the drum through the superheaters. To reduce pump 
work, the boiler is used only for high-pressure installations of about 2,000 psi. Small¬ 
bore tubes are used in the radiant section of the superheater. Concentrations of 
salts as high as 8,000 ppm have been handled in the evaporating drums. These drums 
lend themselves to easy cleaning. 

Benson Boiler. This is a drumless boiler with continuous flow from feed pump to 
steam outlet. Water from the feed pump (Fig. 21-38) flows through the tube evapor- 


Steam to 



Flue gas - 

Fig. 21-38. Special boiler forms. {Applied Energy Conversion.) 

ating sections where partial evaporation occurs. It is completed in the transition 
section, and superheated steam is formed in the convection superheater. The boiler 
is light in weight and forms a compact unit of high specific output. It can be started 
in some 15 min. This boiler was originally designed to operate at the critical pressure 
but is built for the range 400 to 3,300 psi and up to 990°F. They are extensively used 
in marine service. 

Schmidt-Hartmann Boiler. This is a multiple-circuit boiler designed to overcome 
feed-water troubles. A feed pump discharges water to a drum from which steam 
flows to the superheater. Heating in the drum is done by steam from a secondary 
circuit. The heating elements in the drum resemble the headers and tubes of a sec¬ 
tional header boiler. The boiler has proved very effective in the formation of dry 
steam, and this is now its chief attribute. The boilers are built in pressure ranges of 
500 to 1,800 psi and a variety of outputs. 

Veloz Boiler. This is a unit designed for pressure combustion giving high heat- 
transfer rates and low excess air. A pressure of about 35 psi is maintained in the 
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furnace owing to the use of compressed air for combustion. The air is compressed 
in an axial-flow air compressor driven by a gas turbine. The gas turbine operates 
from the high-pressure and high-temperature gases leaving the furnace. The boiler, 
though of small size, is highly efficient. It is built for pressure of 200 to 1,200 psi up 
to 950°F in a wide range of capacities. Most installations are in industrial plants, 
although some are used in central stations, marine work, and for locomotives. Many 
installations are for stand-by or emergency use. 

Ramsin Boiler, This is a once-through boiler of Russian design. The elements of 
the tube evaporating section (Fig. 21-39) are inclined coils arranged in spiral forms 
making 40 parallel circuits which change to horizontal runs at the top. Steam, formed 
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Fig. 21-39. Special boiler forms. {Applied Energy Conversion.) 


in these circuits, passes to headers and then to the superheater. The boilers work at 
high and low pressure and arc built in varying capacities. 


CYLINDRICAL FURNACES FOR THE PETROLEUM INDUSTRYi 

The use of cylindrical furnaces for the petroleum industry has steadily increased 
since the advent of the original development by I-»uis de Florez for refinery use some 
20 years ago. The future secmis to offer still greater potentialities because of its 
simplicity and flexibility and because it can be built for substantially any duty, capac¬ 
ity, or efficiency. Its inherent design automatically provides more uniform heat 
distribution and absorption, low maintenance, low radiation losses, ease of cleaning, 
adaptability to heat-recovery equipment, less fire hazards, low space requirements, etc. 

The original design of the de Florez was downfired, using cold forced air, a bottom 
convection section, and a natural-draft stack. Subsequent installations had many 
variations. Some were fired from the bottom with a secondary convection section on 
top. Some included air heaters and various combinations of forced- or induced-draft 
fans. The furnace and air heaters, both being vertical, produced a chimney effect and 
actually served as a part of the stack. 

De Florez Furnace. The most successful design of the de Florez furnace, adopted 
as a standard by the Sinclair Refining Co., consists of (1) top-supported all-radiant 
oil-heating tubes, (2) downfiring with a specially designed directional flame-control 

1 Campbsll, O. F., “Cylindrical Furnaces for the Petroleum Industry,” ASME Paper 49-SA-12, 
June, 1949. 
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oil and gas-fired burner, (3) a vertical refractory cone resting on the bottom of the 
furnace for better heat distribution, (4) a high-temperature Ljungstrom air heater, 
(5) forced- and induced-draft fans, and (6) a short self-supporting steel stack. This 
arrangement is shown in Fig. 21-40. 

The directional flame-control burner handles refinery gas, natural gas, or heavy fuel 
oil. It is of the steam-atomizing type. It is specially designed to provide the desired 
flame shape, long and narrow, short and bushy, as desired. The flame can be shifted 
from one side of the furnace to the other to give the desired heating curve. Each 
7-in. inside diameter air nozzle can supply enough air to burn between 10 and 15 
million Btu per hr. 



Fig. 21-40. Downdraft de Florez furnace equipped with Ljungstrom air heater. 

The tube arrangement is very flexible in cylindrical furnaces. Arrangements can 
be made to give almost any required heating curve. Split-coil arrangements can be 
used to reduce pressure drop. The directional flame control can keep the highest 
heats away from parts of the tube banks as desired. Tube shields can also be used to 
keep too much heat from being absorbed at certain undesirable points. 

With proper understanding of tube arrangement, flame control for heat distribution, 
refractory cone for better heat distribution and highly preheated air, the de Florez 
furnace can be designed for maximum heat absorption and maximum efficiency regard¬ 
less of inlet- or outlet-oil temperatures. 

Iso-Flow Furnaces. The Iso-Flow furnace, furnished by the Petro-Chem Develop¬ 
ment Co., New York, is also very popular because it is adaptable for small heat duties, 
and it is relatively cheap to build, requires small ground space, and has high efficiency 
for low-temperature stocks without the use of an air heater or fans. CampbelP feels 
that its greatest application is where the mean oil temperature is low. 

^ Op. cU. 
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The original design of the Iso-Flow furnace consisted of a vertical cylindrical shell 
of light sheet steel, insulated on the inside with insulating refractory or firebrick. 
Inside this insulated cylinder, bottom-supported vertical tubes were erected adjacent 
to the wall, burners were placed in a refractory well located at the bottom of the fur¬ 
nace, and the flue gases escaped from a stack placed on top of the furnace. There 



Atr nozzfB 
detail 



was suspended in the top of the furnace an alloy or refractory cone to radiate heat to 
the upper part of the tubes and to deflect the flue gases around the tubes in the upper 
part of the furnace. There have been many improvements and innovations over this’ 
original design. 

In the radiant-type Iso-Flow furnace, the original firing well at the bottom has beeh 
eliminated and five John Zink burners installed in the bottom in such a manner that 
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the four on the outside give direction to the fire and distribution of heat to the tubes. 
The upper throat of the furnace is made of refractory. The efficiency is dependent 
upon the excess air in the furnace, average temperature of the stock inside the tubes, 
and the heat-absorption rate. This type of furnace is usually used where low cost of 
installation is required and low-priced fuel is available (Fig. 21-42). 


Moaoraff 
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Fig. 21-42. Iso-Flow furnace with separate convection section. {Petro-chem Development 
Company,) 


The radiant-convection type Iso-Flow furnace is substantially the same except that 
the radiant cone is suspended from a hollow cylinder inserted at the top of the furnace. 
Tubes are provided to constitute a convection section for further heat recovery. 
This type is usually used where fuel economy is desirable. 

With an average temperature of approximately 450°F of oil in the tubes, the 
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efficiency of the radiant-convector type for a heat-absorption rate, based on tube sur¬ 
face only, of 8,000 to 10,000 Btu/sq ft/hr is approximately 70 to 72 per cent. 

Air heaters can be installed in Iso-Flow furnaces for greater economy and greater 
heat-absorption rates, per square foot of tube surface. Various types of economizers, 
superheaters, etc., can also be employed advantageously. 

Iso-Flow Steam Boilers. The application of the cylindrical furnace to a steam 
boiler is another innovation of the Petro-Chem Development Co. One which has 
been in operation for several years consists of a horizontal drum located above the 
furnace into which the furnace tubes deliver the water-steam mixture. A second 
design employs a vertical steam drum instead of the conventional horizontal. The 
steam and water mixture from the fired boiler tubes enters the vertical drum horizon¬ 
tally where it is given a rotary motion by baffling. As this separates the steam, the 
steam-liberating surface is a hollow cylinder of water in the vertical plane around the 
circumference of the boiler drum, which becomes a vertical centrifugal separator. 
Four such boilers are in operation (1949) designed for 400 psig and 30 to 50 thousand 
lb steam per hr. A separately fired superheater is used when desired. The imme¬ 
diate fuel is oil and gas, with adaptability to pulverized coal. 

Helical-coil Furnaces. Helical-coil furnaces have-many applications ranging from 
domestic hot-water heaters to the heating of oil stocks where the heat-absorption rate 
may be as high as 20 million Btu per hr. Their use is limited to applications where 
there is little or no likelihood that the tubes will plug. One application is the heating 
of asphalt at the point of loading so that it may be taken directly from the cars at the 
point of delivery without reheating. (Hot asphalt may be transported as far as 
1,000 miles without cooling off to the extent that it will have to be heated for unload¬ 
ing.) The helical-coil furnace is usually limited to part-time operations, cheap fuels, 
and low-first-cost applications. This is by reason of inefficiency and danger of 
plugging. 
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GENERAL REQUIREMENTS FOR FURNACES^ 

A furnace is any chamber in which a fuel is burned, whether gaseous, liquid, or 
solid; and the burning must be accomplished so that complete combustion occurs. 
In addition, as in water-cooled furnaces, the heat-absorbing characteristics must be 
so designed that an optimum amount of heat is absorbed. In boilers or steam genera¬ 
tors, the furnace is within the structure of the unit. 

In general, design requirements are: 

1. Suitable openings must be provided for the introduction of the fuel and air, but 
they must not permit air leakage. 

2. Furnace dimensions should be of such a nature as to permit sufficient space for 
combustion equipment such as burners for liquid, gas, or oil, or for stokers. 

3. Impingement of the flame on any part of the furnace should be avoided. 

4. Combustion and temperature conditions in the furnace should be such that no 
deposit of slag in the furnace occurs, unless the design requires it to be deposited. 
Where the slag is deliberately deposited, the furnace construction must be impervious 
to it. 

5. Wall construction should meet the following requirements: 

а. The design and material of the furnace lining should be resistant to expansions 
and contractions due to temperature changes, temperature gradients, and load 
changes. Joints between the walls and floor should also be so resistant. 

6. Insulation of the furnace should be provided to prevent heat losses. 

c. Construction should be such as to prevent air leakage into the furnace with 
inininium maintenance. 

d. Sufficient strength should be designed into the walls so that they arc proof 
against failure in case of puffs within the furnacje. 

б. "Where water walls arc used: 

a. The design should provide for adequate circulation and the prevention of short- 
circuiting of the fluid streams. 

b. Water-wall headers should be outside of the furnace, as the thicker sections of 
the header arc more likely to burn out if exposed to the flame. 

7. The furnace dimensions should be adequate to permit complete combustion of 
the fuel in the furnace as designed. 

8. Passages must be provided for the proper transporting of the products of com¬ 
bustion from the furnace before temperatures are reduced to a point where flow is 
inhibited. 

9. Means must be provided for the elimination of fly ash, ashes, or slag formed and 
deposited in the furnace. 

10. Adequate doors should be provided for access, inspection, and lancing. 

FURNACE TEMPERATURE* 

The purpose of placing water tubes on the wall enclosure of a furnace is either to 
reduce the temperature of the gas and entrained ash so that the ash will be chilled 
below its softening temperature and consequently will not adhere to furnace or boiler 

^ Kbrbxck, J. H., Philadelphia & Heading Coal & Iron Co., Philadelphia, Pa. 

* Craig, O., ** Furnace Design Methods, with or without WaterwaUs,” Midwest Power Conference, 
Riley Stoker Corp., Worcester, Mass., 1948. 
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surface, or to reduce furnace maintenance. If, for example, pulverized coal is burned 
in suspension in a furnace, the temperature of the gases and ash leaving the furnace 
and passing into the tube bank should be less than the fusion temperature of the ash, 
or the temperature at which ash will stick to the boiler tubes. If sufficient amount 
of water-cooling tubes is placed on the enclosure walls of the furnace, to absorb 
sufficient heat by radiation from the gases, the desired reduction in temperature will 
be obtained. In Fig. 22-1 are curves which provide a reasonable guide for determin¬ 
ing the amount of water-cooled tube surface that may be required, or for determining 
the conditions of operation in an existing furnace with a particular coal so that slagging 
of ash may be avoided. 



Available heat in coal -BTU per hour per square foot projected tube area 

Fig. 22-1. Furnace-temperature curves. These curves will provide a reasonable guide for 
determining the amount of water-cooled surface required, or for determining the con¬ 
ditions of operation in an existing furnace with a particular coal so that slagging of ash may 
be avoided. 


Available heat mentioned in Fig. 22-1 is that heat which either is or can be 
radiated to surrounding surfaces or remain as sensible heat in the products of com¬ 
bustion. 

The tubes referred to are bare tubes, so placed as to be exposed to the furnace and 
subject to radiation from the furnace. It is the projected area of the tube that must 
be made use of, and not the circumferential area. 

The total projected area, for use with the curves, is the sum of the projected area of 
the tubes on the furnace walls plus the projected area of the furnace exit. The pro¬ 
jected area of the furnace exit is the projected length of the tubes in this area multiplied 
by furnace width. 

Curve is particularly applicable to pulvarized coal firing and reasonably accurate 
with oil firing. There is considerable error in the use of these curves when a gas, such 
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as natural gas, is a fuel, but the necessity for water cooling is less in the case of gas 
firing than in the case of oil firing. 

The curves will give reasonable results with furnaces equipped with spreader stokers 
and with traveling-grate stokers burning bituminous coal, the furnaces having no 



Fio. 22-2. Different ways of handling slag. a. Slag accumulates on the furnace floor 
and is tapped off periodically through a slag spout in the side wall. b. Slag drips con¬ 
tinuously over the width of the floor at the rear of the furnace, c. Slag drains continuously 
between tubes of a slag screen at the rear of the primary furnace, d. Slag drains con¬ 
tinuously through an opening in the floor of the primary furnace. (The Babcock <Sc Wilcox 
Co.) 


arches. Only approximate results can be obtained with other types of stoker installa¬ 
tions. For this reason, see Tables 22-2 to 22-13 where reference is made to the term 
“fraction cold.” This is a term frequently used in connec.tion with single-retort 
stokers. “Fraction cold” is the ratio of the area of the water-tube surface exposed 

to a furnace to the total area of the fur¬ 
nace enclosure, exclusive of the area of 
the grate. 



Watermll 

tubes 


FURNACE-DESIGN FACTORS^ 

The furnace enclosure which is exposed 
to the burning fuel can be entirely re¬ 
fractory with the exception of the tubes 
through which the gases pass when leav¬ 
ing the furnace. The furnace enclosure 
may be completely covered with water 
tubes through which water passes and 
is a part of the boiler circulating system. 
The furnace enclosure may be partly 
covered with water tubes, and the re¬ 
maining area covered with refractory. 
The proportions of water-tube area and 
refractory vary widely, in the composite 
design. 

The design of a furnace is very closely 
related to the kind of fuel to be burned 
and the means by which it is to burned. In general, fuels arc either burned on a grate 
or are burned in suspension. In Table 22-1 are shown the various furnace designs 
for the different types of fuel and methods of firing. 

> Cbaio, O., op cU. 


Fig. 22-3. Wator-walled hopper bottom. 
Hopper is formed by bending water-wall 
tubes as shown. The slope of the tulie is 
made greater than the ash angle of repose, 
so the bottom is self-cleaning. The ashes 
are sluiced out. 
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Table 22-1. Furnace Designs^ 



Combustion type 

Furnace 

Fuel 

1 

Suspension | 

Stoker or 
grate type 

Walls 

Bottoms 

Gas . 
Liquid ... 
Solid 

Suspension 

Suspension 

Suspension 

Underfeed, 
single or 
multiple 
retort. 
Spreader. 
Some trav¬ 
eling grates 
Most travel¬ 
ing grates 

Usually vertical 

Usually vertical 

Usually vertical 

Usually vertical 

Side walls vertical. Rear or 
front wall (or both) pro¬ 
jected over grate to form 
arch or roof. Arch or roof 
necessary for low-volatile 
fuels such as anthracite and 
coke breeze. Arch or roof 
probably necessary for high- 
moisture fuel such as lig¬ 
nite. Arch or roof can be 
omitted for bituminous pro¬ 
vided gas turbulence is pro¬ 
duced by overfire air jets. 
See Figs. 22-4 and 22-5 

Usually flat 

Usually flat 

Flat, with some form of liquid 
slag removal, see Fig. 24-2. 
Hopper, for large amounts of 
fly-ash precipitate in furnace, 
see Fig. 24-3 

The stoker is actually the 
furnace bottom. Under the 
grate is usually some form of 
hopper for ash removal. In 
the smaller sizes the ashpit 
is flat and the ashes are 
raked out 

Same as underfeed stokers 


1 Craig, O., “Furnace Design Methods, with or without Waterwalls,” Midwest Power Conference, 
Riley Stoker Corp , Worcester, Mass., 1948. 


Design for Various Classes of Equipment^ 

Tables 22-2 to 22-13, inclusive, show the salient design factors for the following 
classes of equipment: 

Table 22-2: Single-retort stokers 

Table 22-3: Multiple-retort stokers 

Table 22-4: Traveling-grate stokers, anthracite burning 

Table 22-5: Traveling-grate stokers, bituminous-coal burning 

Table 22-6: Traveling-grate stokers, coke-breeze burning 

Table 22-7: Traveling-grate stokers, lignite burning 

Table 22-8: Spreader stokers, stationary grates 

Table 22-9: Spreader stokers, dumping grates 

Table 22-10: Spreader stokers, traveling grates 

Table 22-11: Pulverized-coal firing 

Table 22-12: Oil firing 

Table 22-13: Gas firing 

Sufficient information is given for an approximate check of fundamental furnace 
size or to determine the adequacy of existing installations. Items of furnace designs 
applicable to all types of equipment include the following: 


1 Cbaio, O.. op. eit . 
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1. Grate area 

2. Furnace volume 

3. Furnace height, grates to tubes 

4. Rear-arch coverage 

5. Front-arch coverage 

6. Height of rear arch above grates 


7. Height of front arch above grates 

8. Furnace cooling 

9. Length of furnace 

10. Distance, burners to tubes 

11. Distance, burners to furnace bottoms 


While it is obvious that not every item listed above will apply to each type of firing 
equipment, this sequence has been used throughout with numbers merely omitted 
where the items do not apply. 


Table 22-2. Single-retort Stokers^ 
1. Grate Area 



Lb coal/hr/sq ft® of stoker 

Furnace cool- 

area at ash-fusion temp of 

ing, fraction 



cold 

2200®F 

2400°F 

0.20 

28 

31 

0.34 

30 

34 


Based on 13 per cent CO 2 in gases leaving 
furnace. 

2. Furnace Volume 


Fraction cold 

Btu in fuel/hr/cu ft at ash- 
fusion temp of 

2200°V 

2400®F 

0.20 

30,000 

40,000 

0 24 

40,000 

50,000 

0.26 

45,000 

50,000 

0 34 

45,000 

50,000 


Based on 13 per cent COs in gases leaving 
furnace. 


8. Furnace Height, Grates to Tubes 

. , , . , furnace volume 

Avg furnace height = - 7- 

grate area 

1 Craio. O., op. cit. 

0 Coal-burning rates are for bituminous coal 
containing 10 per cent ash or less. If ash is 10 
to 12 per cent, deduct 2 lb, if ash is 12 to 15 per 
cent, deduct 4 lb. 


Table 22-3. Multiple-retort Stokers 

1. Grate Area 


— 

Stoker 
length, ft 

Lb coal/hr/sq ft of stoker area 
at ash-fusion temp of 

2200®F 

2500®F 

11 

45 

50 

14 

40 

44.5 

18 


39.5 


Table 22-3. Multiple-retort Stokers. 

{Continued) 

2. Furnace Volume 

Per Cent Volatile Btu tn Fud/Hr/Cu Ft 

in Dry Coal of Furnace Volume 

16 60,000 

22 47,500 

28 40,000 

36 37,000 

40 35,000 

3. Furnace Height 

Distance from Grates to 
Stoker Length, Ft Tubes, Ft 

11 14 

18 22 

8. Furnace Cooling 

Ash-fusion Btu in Fud/IIr/Sq Ft Pro- 

Temp, Deg F jected Tube Area 

2100 140,000 

2400 220,000 

2600 360,000 

Based on 14 per cent CO 2 in gases leaving 
furnace. 


Table 22-4. Traveling-grate Stokers, 
Anthracite Burning 
1. Grate Area 


Size of anthracite 

Btu in fuel/hr/sq ft of 
grate area 

A 

B 

C 

No. 4 buckwheat 

No. 3 buckwheat . 

No. 2 buckwheat. 

450,000 

450,000 

470,000 

400,000 

420,000 

470,000 

350,000 

390,000 

470,000 



A: Collection in back boiler passes, air-heater 
hopixjrs, and dust-collector hoppers returned to 
furnace for reburning. 

B’ Collection in back boiler passes and air- 
heater hoppers returned for reburning. 

C: No collection returns. 

2. Furnace Volume 


Size of anthracite 

Btu in fuel/hr/cu ft of 
furnace volume at burn¬ 
ing rates in Btu/sq ft/hr 


470,000 

450,000 

300.000 

No. 4 buckwheat. 


39,000 

44,500 

33,000 

39,000 

42,000 

No. 3 buckwheat 


No. 2 buckwheat . . 

47,500 
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Table 22-4. Traveling-grate Stokers, 
Anthracite Burning. {Continued) 

3. Furnace Height 

Continuous Capacity of Distance from Orates 
Boiler, Lb Steam/Hr to Tubes, Ft 

25,000 12.5 

200,000 40 0 

4 . Rear-arch Coverage 


Stoker 
length, ft 

Per cent of stoker length 
covered by rear arch 

Single-arch 

design 

Double-arch 

design 

14 

60 

55 

24 


57.5 

28 

67 



6. Front-arch Coverage 

Stoker Per Cent of Stoker Length Covered 

Length, Ft by Front Arch, Double-arch Design 
14 25 

24 20 

6. Height of Rear Arch above Grates 


Height of arches above 
Stoker grate 


Continuous 
capacity of boiler, 
lb stearn/hr 

Single-arch 

design 

Double-arch 

design 

Front 

end 

Hear 

end 

.1 

Front 

end 

Rear 

end 

50,000 

200,000 

3'0" 

4'3" 

1 

2'0" 

2'G" 

I 

3'0" 
4'3" j 

1 

2'0" 

2'6" 


7. Height of Front Arch above Grates 
Front arches approximately 8 ft 6 in. above 
stoker grates for all capacities. 

8. Furnace Cooling 

Ash-fusion temperature is less a factor in 
anthracite burning than in burning bituminous 
coal. Furnace cooling is primarily for reduction 
in maintenance. The Btu in fuel fired per hour 
should be from 180,000 to 300,000 per square 
foot of projected tube area. Lower rates are 
permissible, but higher rates result in less carbon 
loss. 


Table 22-6. Traveling-grate Stokers, 
Bituminous-coal Burning 

1. Grate Area 

Ash-fusion Btu in Fuel/Hr/Sq Ft Orate 

Temp, Deg F Area 

1900 425,000 

2200 and above 550,000 

2. Furnace Volume 

Btu in Fud/Hr/Sq Btu in Fud/Hr/Cu Ft 

Ft of Orate Area of Furnace Volume 

300,000 30,000 

500,000 35,000 • 


Table 22-6. Traveling-grate Stokers, 
Bituminous-coal Burning. {Continued) 
8. Furnace Height, Grates to Tubes 

Continuous Capacity Distance from Orates to 

of Boiler, Lb Steam/Hr Tubes, Ft 

25,000 15 

150,000 35 

4 . Rear-arch Coverage 
30 to 40 per cent of stoker length. 

6. Front-arch Coverage 
30 to 20 per cent of stoker length. 

6 and 7. Height of Arches 



Height of arches above 
stoker grate 

Continuous 
capacity of boiler, 
lb steam/hr 

Rear arch 

Front 

arch 


Rear 

end 

Front 

end 

50,000 

150,000 

2'0" 

2'0" 

2'3" 

3'6" 

5'0" 

6'0" 


8. Furnace Cooling 

Ash-fusion Btu in Fud/Hr/Sq Ft Pro- 

Temp, Deg F jecled Tube Area 

1900 140,000 

2200 180,000 


Table 22-6. Traveling-grate Stokers, 
Coke-breeze Burning 
1. Grate Area 

Conditions of Btu in Fuel/Hr/Sq Ft of Orate 
Operation Area 

A 410,000 

B 370,000 

C 360,000 

A: Collection in back boiler passes, air-heater 
hoppers, and dust collectors returned to furnace 
for roburning. 

B: Collection in back boiler passes and air- 
heater hoppers returned for reburning. 

C: No collection returns. 

8. Furnace Volume 

Btu in Fud/Hr/Sq Btu in Fud/Hr/Cu Ft 

Ft of Orate Area of Furnace Volume 

360,000 38,000 

410,000 40,000 

3. Furnace Height, Grates to Tubes 
Continuous Capacity of Distance from Orates 
Boiler, Lb Steam/Hr to Tubes 

25,000 12'6" 

200,000 40'0" 

4 . Rear-arch Coverage 


Stoker 
Length, ft 

Per cent of stoker covered by 
rear arch 

Single-arch 

design 

Double-arch 

design 

14 

60 * 

55 

24 



28 

67 1 

57.5 
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Table 22-6. Traveling-grate Stokers, 
Coke-breeze Burning. {Continiwd) 

S. Front-arch Coverage 

Stoker Per Cent of Stoker Length Covered by 

Length, Ft Front Arch, Double-arch Design 
14 25 

24 20 

6 and 7. Arch Heights 
Same as for anthracite. 

8. Furnace Cooling 

Aah-fueion Btu in Fud/Ilr/Sq Ft Pro- 

Temp, Deg F jected Tube Area 

2100 100,000 

2400 200,000 


Table 22-7. Traveling-grate Stokers, 
Lignite Burning 

1. Grate Area 

Type of Btu in Fuel/IIr/Sq Ft of Grate 

Furnace Walls Area 

All refractory . 400,000 

Water-cooled 450,000 

2. Furnace Volume 

Type of Btu in Fuel/Ur/Cu Ft Furnace 

Furnace Walls Volume 

All refractory . 30,000 

W ater-cooled 35,000 

3. Furnace Height 

Continuous Capacity Distance from Grates to 
of Boiler, Lb Steam/Hr Tubes, Ft 

50,000 22 

150,000 30 

4 . Rear-arch Coverage 
30 iKsr cent of stoker length. 

6. Front-arch Coverage 
35 per cent of stoker length. 

€. Height of Rear Arch above Grates 
2 ft 0 in. 

7. Height of Front Arch above Grates 

Continuous Capacity of Height of Arch above 
Boiler, Lb Steam/Hr Stoker Grate 

50.000 4'3" 

150,000 fi'O" 

8. Furnace Cooling 

Ash-fusion Btu in Fuel/Hr/Sq Ft Pro- 

Temp, Deg F jected Tube Area 

2100 140,000 

2400 220,000 


Table 22-8. Spreader Stokers, 
Stationary Grates 

1. Grate Area 


Table 22-8. Spreader Stokers, 
Stationary Grates. {Continued) 
2. Furnace Volume 



Btu in fuel/hr/cu 


ft of furnace 


vol lime 


Tlefrac- 

W ater- 


tory 

cooled 


furnace 

furnace 

Max continuous load 

30,000 

30,000 

2 hr peak load 

35,000 

40,000 


3. Furnace Height, Grates to Tubes 

furnace volume 

Height from grates to tubes = -- 

grate area 

Minimum heights desirable: 

Ft 

Eastern coals . . . 12 

Middle Western coals 14 

Lignite . . , 15 

8. Furnace Cooling 

Caleulat(‘d from curves of Fig. 22-1 on basis of 
14 per cent OO 2 in gases leaving furnace. 

Table 22-9. Spreader Stoker, Dumping 
Grates 
1 . Grate Area 



IHu/hr/sq ft of 


grate area 


With 

Without 


dust 

dust 


collector 

collector 

Max continuous load 

475,000 

375,000 

2 hr jieak load . . . 

525,000 

450,000 


2. Furnace Volume 
Same as stationary grates. 

3. Furnace Height, Grates to Tubes 
Same as stationary grates. 

8. Furnace Cooling 
Same as stationary grates. 

Table 22-10. Spreader Stokers, 
Traveling Grates 


Btu in fuel/hr/sq 
ft of grate area 



With 

W’ithout 


dust 

dust 


collector 

collector 

Max continuous load 

400,000 

3,50,000 

2 hr iieak load . 

450,000 

: 400,000 


1. Grate Area 


Btu in 

fuel/hr/sq ft of 

grate area at continuous 

boiler capacities, Ib/hr 

100,000 

200,000 

300,000 

Max continuous load . 575,000 

6.50,000 

725,000 

2 hr peak load . 650,000 

700,000 

750,000 
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Table 22-10. Spreader Stokers, 
Traveling Grates. {Continued) 
2. Furnace Volume 


Table 22-12. Oil Firing 

2 and 8. Furnace Volume and Furnace Coolinc 



Btu in fuel/hr/cu 
ft furnace volume 


Rcfrac- 

Water- 


tory 

cooled 


furnace 

furnace 

Max continuous load . . 

30,000 

30,000 

2 hr peak load 

35,000 

40,000 


3. Furnace Height, Grates to Tubes 
Same as stationary grates. 

8. Furnace Cooling 

Same as stationary Kratos, but with 15 per 
cent CO 2 in gases leaving furnace. 

Table 22-11. Pulverized-coal 
Firing 

2. Furnace Volume 



Btu in fuel/ 
hr/cu ft of 
furnace 
volume 

With ahli-fiision tc*mp of 

1900®F 

2400®F 

Furnace all refractory 

8,500 

17,000 

Furnace partly water-cooled 
l^'iirnace, air-cooleil susiiciided re¬ 

10,600 

19,000 

fractory with hopper bottom 
Furnace, completely water-cooled 

13,600 

22,000 

with hopper bottom 

7,600 

26,000 


8. Furnace Cooling 
Use curves of Fig. 24-1. 

9. Length of Furnace 


Max Continuous 
Boiler Capacity, Lb 
Steam/Hr 
50,000 
500,000 


10 and 11. Placement of Burners in Furnace 
Wall 

Per Cent of Furnace 


Type of Furnace 
Bottoms 
Flat bottom 
Hopper bottom: 

With boiler capacity 
of 100,000 11) steam/ 
hr 

With boiler capacity 
of 500,000 lb steam/ 
hr. 


Max continuoua 
boiler capacity, lb 
steam/hr 

Btu in fuel/cu ft furnace 
volume with available Btu 
in fuel/hr/sq ft of projected 
tube area of 


80,000 

200,000 

300,000 

30,000 

33,000 

28.000 

18,000 

100,000 

36,500 

31,500 

23,000 

300,000 and over 

40,000 

35,000 

27,000 


9. Length of Furnace 

Max Continuous Boiler Capacity, Length of 

Lb Steam/Hr furnace 

50,000 10'9" 

100,000 13'6" 

200,000 16'9" 

300,000 18'0" 

600,000 20'0" 

10. Distance, Burner to Tubes 


Mar Continuous 
Boiler Capacity, Lb 
Stenm/Hr 
50,000 
100,000 
200,000 
300,000 
600,000 


Distance from Center 
Line of Burners to 
Tubes 
12 ' 0 " 

14'6" 

20 ' 0 " 

25'0" 

30'0'' 


11. Distance, Burners to Bottom 

Mar Continuous Distance from Center 

Boiler Capacity, Lb Line of Lower Burners 

Steam/Hr to Flat Furnace Floor 

100,000 4'6" 

600,000 6'6" ^ 


Table 22-13. Gas Firing 

2 and 8. Furnace Volume and Furnace Cooling 

Available Btu in Fuel/Hr 


Length of Furnace from 
Front to Area at 
Burner Line, Ft 
14 
23 


Volume Below Line of 
Burners 
. 45 


/Sq Ft of Projected Tube Btu in Fud/Hr/ 

Area at Max Continuous Cu Ft of Furnace 

Load on Boiler Volume 

100,000 35,000 

300,000 35,000 

400,000 27,000 

9. Length of Furnace 

Max Continuous Capacity of Boiler, Length of 

Lb Steam/Hr Furnace 

50,000 lO'O'' 

400,000 20'0" 

600,000 20'0" 

10. Distance, Burners to Tubes 
Max Continuous Distance from Center 

Capacity of Boiler, Line of Burners to 

Lb Steam/Hr Tubes 

50,000 12'6" 

400,000 25'0" 

600, (K)0 30'0" 

11. Distance, Burners to Furnace Bottoms 
Same as oil firing. 


Length of 
Furnace 
lO'O'' 
20 ' 0 " 
20 ' 0 " 
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Furnace-design Variations^ 

The design data given in Fig. 22-1 and Tables 22-2 to 22-13 are for standard arrange¬ 
ments of furnaces. There are many variations which require special treatment 
beyond the scope of the data given here. 

Pulverized Coal. Most installations for pulverized coal have horizontal turbulent 
burners, hopper bottoms, gas outlets at the top of the furnace, and dry-ash discharge. 
The design data given are for this type of furnace. However, some furnaces are 
arranged with burners at the top of the furnace discharging downward, gas outlets 




Tiq. 22-4, Typical arches used for anthra- Fig. 22-5. Arch for bituminous coal, show- 
cite. ing overfire air jet. 

at the bottom of the furnace, and ash removal in a liquid form, or some combination of 
these. Su(!h designs require special treatment. 

Stokers. There are the most variations in furnace design with traveling-grate 
and (ihain-grate stok(;rs because of the use of arches, or roofs. The purpose of the 
arch is twofold, to promote the ignition of the fuel, and to produce turbulence and 
mixing of the gases, A furnace may have a rear arch only, front arch only, both 
front and rear arches, or no arches at all. 

An arch in a furnace over a traveling-grate or chain-grate stoker may promote 
ignition of incoming fuel by the projection of live coals on top of the fresh fuel or by 
radiation. Iladiation may come from a hot surface on an arch or may come from 
flame. If arches arc depended upon for ignition by radiation, the design of the rear 
arch is important since it must provide means for obtaining sufficient radiation to 
secure ignition. Because many roar arches are constructed with boiler tubes having 
water in circulation, it socuns apparent that their function is to direct the flame so 
that radiation from the flame will produce ignition. The shape and proportion of 
this arch b(H;ome quite important in order that it may give proper direction to the 
flame. Front arches over suc-h stokers are probably of more importance in perform¬ 
ing a function of j)roducing turbulence and mixing of gases than in promoting ignition 
by radiation. Front arches may vary from horizontal to a very steep inclination of 
as much as GO deg to the horizontal. The more nearly horizontal, the more effective 
such arclu'S are in producing turbulence. 

Jets. In the absence of arches, overfire jets (either steam jets or air jets) are 
necessary to provide both turbulence and ignition. In the case of furnaces without 
arches, there should be overfire jets both front and rear. The rear jets should be at a 

I Cbaiq, O., op ett. 
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Table 22-14. Traveling-grate-stoker Arch Design 


Fuel and Principal Type of 
Arch Recommended 
Anthracite: 

No. 3 buckwheat (barley), 1. 
No. 4 buckwheat, rear arch 


2 . 

3. 

4. 

5. 

No. 2 buckwheat (rice), rear 6. 
or combination arch 

Coke breeze: 7. 


Size, K to 58 in., rear arch 9. 

Size to 1 in., front or 10. 

combination arch 
Lignite, front or rear arch 11. 


12 . 


Bituniinoua coal: 

1. Combination arch. .. 13. 


2. Rear arch . 15. 


3. Archleaa . 17. 


18. 


Overfire air 


19. 


Notes 

For prompt ignition and stability, heat should be radiated from 
refractories to incoming fuel; incandescent fuel should be trans¬ 
ferred from rear to incoming hiel; and high-temperature flame and 
gas should be in contact with incoming fuel 

Rear arch nearly horizontal with medium-length stokers; inclined 
with rear not too close or nose too high for large stokers (6 wind 
boxes or more) 

Arch-design data: 40 to 50 fps recommended gas velocity between 
grate and nose of rear arch; 25 to 35 fps between nose and front 
wall; 50 to 60 per cent of fuel burned under rear arch. Design 
constants, 2500°F, 15 i>er cent CO2 

Barley efficiency likely to be 2 to 5 per cent higher than No. 4 
buckwheat because of reduced carbon loss 

Fuel-bed depth 4 to 43'^ m. with barley. Combustion rate 35 and 
45 Ib/sq ft/hr without and with cinder return 

Unless a rear arch can cover at least 15 ft of the grate (for stable 
ignition), a combination arch is recommended. Throe air zones 
should be covered by a rear arch with rice 

Same requisites to prompt ignition and stability apply as for 
anthracite (see item 1) 

Water-cooled front and side walls usually advisable on account 
of lower fusion temperature of ash 

Same as items 1, 2, 3, for anthracite, in addition to coke items 7 
and 8 

Front-arch-type furnaces are usually used because of the heat- 
stabilizing effect 

Front arch usually used for natural-draft chain-grate stokers 
Combustion rate to about 30 Ib/sq ft/hr. Arch covers as much as 
^4 of grate. Slope about 25 dog. Lower end 2 to 23-2 ft above 
grate. Burning rate to 75 lb with forced draft 
Excellent results also reported in rear-arch settings similar to those 
described for items 3 and 4 

Virtually all types of arch are used with bituminous according to 
such factors as fuel analysis, combustion rate, and furnace size. 
One of the most popular types is the combination arch similar to 
certain of the earlier designs for anthracite barley 
With combination arches and bituminous, both efficiencies and 
ratings are high wliich usually indicates the advisability of water- 
cooled furnace walls and preheated air. Otherwise refractory 
costs are likely to be high 

Have been successfully used with low furnace maintenance with 
such bituminous coals as moderately caking Pittsburgh district, 
and Illinois screenings 

Rear arch and combination arches with bituminous usually result 
in a reduction in carbon loss in both carry-over and refuse as well 
as in better turbulence than does a front arch as used alone 
Also known as “open" furnaces. Grate is virtually uncovered, 
with the possible exception of a short ignition arch 
Ignition is likely to be somewhat unstable especially if the load is 
at all fluctuating. This type is thus recommended for constant 
loads only. Overfire air is also needed in most cases to create 
turbulence and reduce stratification. With these limitations, good 
results have been reported 

The use of secondary air is common practice when burning bitu¬ 
minous coal on traveling- or chain-grate stokers. While exact 
rules have not been established because of the many field condi¬ 
tions, the following are useful generalizations: 
o. From 5 to 10 per cent of the air for combustion should be 
admitted as secondary air 

b. The best method for admission is probably through several jets 
having a pressure of from 20 to 30 in. Such jets are not effective 
below 6 in. water pressure 

c. Air introduced into a high-velocity gas stream is not so effective 
as when introduced into a low-velocity stream 

d. Location in the front arch or at the front of the furnace seems 
more effective in burning the gases than the rear 







762 


FUNDAMENTALS OF FURNACE DESIGN 


lower elevation than the front jets. The rear jets then take the place of a rear arch 
in that they force the flame toward the front and thereby y)rovide more intense radia¬ 
tion from the flame onto the incoming fuel for ignition. The front jets take the place 
of the front arch, reversing the flow of gas(*s in a horizontal direction and promoting 
turbulence. In any particular case, th(i number of jets, the diameter of the nozzles, 
the position of the nozzles, and the inclination of the nozzI(\s and pressure of air, if 
overfire jets are used, are of extreme importance and must recudve spt'cial considera¬ 
tion. The work done by the Bituminous Coal Research, Inc., and Battellc Institute 
has resulted in the most rational methods of application up to the present time. It is 
known that the use of overfire jets reduces carry-over of solids by the gases, but at the 
present time the knowledge in this respect is only general. 

SMALL OIL-FIRED FIREBOXES^ 

Purpose. Pressure burners, low-pressure gun-type burners, and horizontal rotary- 
cup burners—which are all of the atomizing type—operate satisfactorily and at 
maximum efficiemey only when fitted with durable firoboxcis that can quickly reach 
the high temperatures needed for complete combustion. The lack of a proper fire¬ 
box in any boiler or furnace means inefficient combustion, frequent cleaning of the 
flues, breakdowns caused by poor burning, and high rates of fuel consumption. 

With the trend toward short(;r oil-burner on periods and smoother heating, it is 
important to ensure clean economical combustion by installing fireboxes which reach 
red heat quickly after the burners start. Ruiming the oil burner with the firebox cold 
wastes fuel and forms carbon. 

Firebox Principles. An inferior firebox will causes excessive oil consumption, flame 
vibration, and trouble because of failure to burn the fuel cleanly. A good design 
depends on: 

1. Proper firebox material 

2. (Correct firebox design 

3. Proper installation 

Ciood firebox material has refractory prop('rti('s that permit the construction of 
durable boxes which can quickly r(iach the high temi)(‘ratur(‘s nec(*ssary for (dean 
c.ombustion. 

For correct design, the firebox must be of the right size and shape. The firebox 
material shoidd permit building box(‘s of wichdy varying shapes. 

Proper installation is as important as scdectioii of material and (iorrect design. 

Firebox Design 

The following points are imjiortant when modernizing an old installation or when 
engineering the installation of a new burner: 

1. Use rapid-heating firebox material. The risk of forming smoke and soot comes 
mainly during the time when a cold firebox is being heated by th(; miwly started 
flame. A properly designed firebox of insulating firebrick reaches red lujat quickly 
after an oil burner starts. Because of the insulating quality of the brick, only a thin 
^*skin^^ which faces the fire is h(»at(Kl during the first few minutes of burner operation, 
while the remainder of the brick remains comparatively cool. 

2. Design a flame-fitting firebox. Make the firebox as small as is practical for the 
gph (gallons per hour) rate to be used by following the instructions for firebox propor¬ 
tions shown in Tables 22-15 and 22-16. Have the firebox fit snugly the flame shape 
the particular burner tends to give. Many burners operate at maximum combustion 
efficiency only when giving a flame of some certain shape, and for these burners a 

( B&W Firebox Handbook, Bull. R-20B, Babcock & Wilcox Co., Refractories Division, New York, 
1948. 
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firebox tailored to this shape should be built wherever the contour of the furnace or 
boiler base permits. 

8. Make the firebox high. Make the side walls at least as high as indicated by the 
firebox-dimension tables. Do not hesitate to have the firebox walls cover some of 
the direct heating surface in the boiler or furnace if high side walls are needed to 


Table 22-16. Typical Firebox Dimensions for Domestic Oil Burners^ 


1 

Normal fhiinp shapes 

Narrow flames 

Wide flames 1 


Gph 



Rectangular 

Round, 









Gph 

Nozzle 

Side 



Nozzle 

Side 
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17 
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15 

6 

16 
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18 

7h 

17 

17 

12 
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16 

13 

16 
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m 

16 
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20 

8 

18 

19 
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2 0 

2 5 

7 

16 

14 

17 

18 

m 

16 

13H 

22 

8 

18 

21)2 

15 
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3.0 

7 

18 

16 

19 

20 
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16 

14 

24 

8)^ 

19 

23)^2 

161/2 

3 0 

4 0 
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18 

17) i 
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23 

7 

18 

15 

27 

9 

20 

26 

18 
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1 

18 

19 

22 

26 

7 

18 

I6M2 

30 

91/2 

21 

28 

19/2 

4 0 


1 B&W Firebox Handbook, Bvll. R-20B, Babcock & Wilcox (/O., Refractories Division, New York, 1948. 


produce high CO 2 readings and complete combustion. High side walls give improved 
air circulation in certain warm-air furnaces and improved water circulation in certain 
gravity-flow hot-water-heating plants. Also, they protect the water legs (where 
sediment, rust, or mud may collect) of 
steam boilers from excessive heat. 

4. Make good use of corbel design. 

Stepped-in walls or corbels, for at least 
the back of the firebox and sometimes for 
the front walls also, are decidedly advan¬ 
tageous where exceptionally high CO 2 
readings and smoke-free soot-free com¬ 
bustion are desired from burners with 
only ordinary air-handling parts at the 
ends of the gun tub(5S. Many burner 
dealers use front-wall and rear-wall 
corbels for tlieir smallest installations, 
fired at 1 gph or less. Corbels (Fig. 22-6) 
greatly increase the turbulence of the 
flames, thus preventing unburned oil or 
carbon from escaping from the firebox. Corbels also increase the fiame temperatures 
by reducing the flow of radiant heat from the heart of the flame to the direct heating 
surface of the boiler or furnace. 

6. Aim for nearly steady burner operation. Because unnecessary starting and 
stopping wastes fuel and forms carbon in a burner, engineer each installation to keep 
the burner running as steadily as feasible on the coldest days. Use the lowest gph 
rate on each installation which will heat the house properly for the coldest mornings. 
Where the cycles must bo short, it is necessary to use insulating firebrick for firebox 
construction for rapid heating. 


Top view 



Rectongulor firebox 




Side view 

■--‘“I 


Round firebox 


Fig. 22-6. Firebox dimensions, used with 
Fable 22-14. 
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Firebox Dimensions 

If the manufacturer of the burner being installed issues instructions for building 
fireboxes of insulating firebrick, these should be followed so that the firebox will 
match the flame shape. If these are not available, use the following tables. 

Where the shape of the boiler or furnace base permits, always make the firebox fit 
the flame shape. Table 22-16 covers fireboxes which match the flame shape of many 
pressure burners. Where the ashpit shape forces a design which is a very narrow or 
very short firebox, fit the flame shape to the firebox by: 

1. Using either a narrow-angle or a wide-angle nozzle in a pressure burner. 

2. Making use of any air-handling "parts at the end of the gun tube that can be 
adjusted or changed to fit the flame to the firebox shape. 

Table 22-16. Firebox Dimensions for Commercial Installations^ 


Top view Top view 



Large firebox of Refinements in design 
plain design may give higher CO2 


(All diiiiensioim in inches) 


1 

Gph 

Nozzle 

height 

NH 

Side 

height 

SH 

Widtli 

ir 

Length 

L 

Sq in. of firebox 
floor area 
required® 

6 0 

8 

20 

20 

26 4 

520- 540 
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SH 

20 

21 


610- 6.30 

8 0 

9 

21 

22 

32 

695- 715 

9 0 

9 

22 

24 

33 

77.3- 795 

10 0 

10 

22 

2412^ 

35 

850- 870 

11 0 

10 

24 

26 

36 

920 940 

12 0 

11 

24 

27 

37 

985 1,005 

13 0 

12 

24 

28 

38 

1,045-1,065 

14 0 

12 

24 

2SH 

39 

1,100 1,120 

15 0 

13 

26 

28>2 

40M 

1,140-1,160 


1 B&W Firebox Handbook, Bull. R-20B, Babcock & Wilcox C<i., Refractories Division, New York, 
1948. 

® If for any reason the listed firebox width and length do not fit the base of the boiler, use dimensions 
which give the floor area listed for the required gi>h rates. If a consulerable change from the table 
figures for width or length must be made, resulting m the firebox fitting the flame shape poorly, provide 
10 to 25 per cent more floor area than the table lists. Protect the mud leg of a dry-base boiler from 
excessive heat by making the side walls of a firebox at least 4 in. higher than the bottom of the water 
leg of the boiler. 

Furnace Proportions of Commercial Steel Boilers 

Furnace proportions, such as grate area, furnace volume, and furnace height for 
mechanically fired and hand-fired commercial steel boilers are found in Chap. 21, 
under the Rating Code of the Steel Boiler Institute (p. 715). 
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1 Prepared with the cooperation of Anthracite Institute. 
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LIGHTING BOILER FIRES—KINDLERS 

With Esso Fuel Igniter. Until recently, the customary method of igniting a large 
boiler fire was to soak cordwood with kerosene, ignite, and cover with coal. Fre- 
(jueiitly as much as a cord of wood was required, and up to 2 hr elapsed uAtil full 
operating pressure was raised. As an outgrowth of flame-thrower experience in the 
Second World War, Standard Oil Co. now offers the Esso fuel igniter, which is a blend 
of 10 per cent NaPalm aluminum soap thickener with 90 per cent base fuel similar to 
diesel distillate. A higher heating value is claimed, as is a greater safety factor. 

Procedure. A bituminous-coal bed is built running across the front half of the 
furnace. The remaining grate area is covered with ash to prevent loss of draft. A 
transverse trench is dug through the center of the fuel bed. This trench is lined for 
its full length with heavy roofing paper. Esso fuel igniter is distributed evenly along 
the bottom of this paper trough; approximately 5 gal (35 to 45 lb) of igniter are 
sufficient for the average (30,000 lb steam per hr) boiler. The furnace may now be 
lighted or simply held in readiness for an indefinite length of time. 

Immediately after toiKihing off the igniter, the blowers are turned on slowly, and 
after approximately 3 min a full fire is bringing the boiler up to pressure; in 10 min 
stokers can be started, and full pressure should be reached in about 30 min. This 
short lighting period obviates the need for holding boilers in banked readiness in 
many cases. 

Lighting Anthracite with Esso Fuel Igniter. While experiments to determine the 
best procedure for igniting anthracite-stoker fires were still in progress at the time of 
going to press, Esso reports: 

The fuel igniter was spread in four strips, each about 6 in. wide and 18 in. apart, lying on a 
quadruple thickness of newspaper on top of the fuel bed with no recessed channel. After 
burning for 5 min, the blower was turned on gradually, and in 16 min more the anthracite 
was burning, • 

HAND FIRING 
Hand-firing Bituminous Coal^ 

Starting the Fire. After covering the grates with small sizes of coal to a depth of 
about 6 in., place wood kindling and paper on top of the coal at the rear of the grates 
and ignite. Do not use highly flammable gasoline or oils for igniting the coal. 

In general, there are two accepted methods of hand-firing soft coal, the “spreading” 
and the “coking.” The spreading method is used for high steaming rates; the coking 
method for high efficiency and a minimum of smoke and soot. 

Spreading Method. In this method a small amount of coal is fired at a time and 
spread over only a part of the grate. If the fuel bed is burning down evenly, the coal 
may be spread evenly from front to rear on one section of the fire. If there are thin 
spots in the fuel bed, the coal may be spread over these spots. In this way the fuel 
bed is only partly covered with fresh coal at any one time. The thickness of the fuel 
bed that should bo carried ordinarily may range from about 4 to 10 in., depending 
upon the draft, the load on the boiler, and the kind of coal. 

Coking Method. With this method, a considerable amount of coal is fired at the 
front of the grates, forming a mound of fresh coal. When this coal is nearly or entirely 
(!oked and has given off most of its smoky gases, it is shoved back over the back part of 
the grates, leveling up the hot fuel bed. Fresh coal is then charged on the front por¬ 
tion of the grates by placement against the live coals previously pushed back, but not 
covering the same. The amount of live coals to be pushed back should about equal 
the amount of fresh coals to be added. Do not, however, allow the fire to burn too 
low before refueling. In this method, the combustible gases, mixing with overfire air, 

1 A Guide for Reducing Fuel Consumption in Commercial Plants, U.S, Bur. Mines Bull. 446, pp, 
3-5, 1947. 
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will burn when ignited by the live coals, thereby providing a hot fire with a minimum 
of smoke and soot. Overfire air should be provided through the fire door. The fuel 
bed should be carried as deep as the draft will permit. 

The alternate method, in reality a variation of the coking method, is sometimes 
used. First push all live coals to one side of the grate, then place fresh coal on the 
side opposite the live coals and touching the same. Continue to place the fresh coal 
on alternate sides each time coal is added. 





Fig. 23-1. The coking method of firing bituminous coal. (Kewanee Boiler Company, 
Kewanee, III,) 


General Rules for Hand Firing 

The efficiency obtained with hand firing depends largely upon the fireman. Accord¬ 
ing to the U.S. Bureau of Mines, a good fireman may use some 20 per cent less coal 
than a poor fireman. To learn the best method of firing a particular boiler may 
require considerable study and trial, but the following general rules will prevail in all 
cases: 

1. Only enough air should be used to prevent smoke and too much unburned mate¬ 
rial going out the stack. Control the amount of air flowing through the grates by 
means of the uptake damper, not the ashpit doors, whenever possible. 

2. The excessive use of firing tools and grate-shaker bar should be avoided to 
prevent an excess of undesirable unburned fuel in the ashes. 

3. Study the flaming of the fire and its color. Watch for dark smokiness. Where 
there is too much flaming or smoke, it is generally necessary to let some air into the 
furnace over the fuel bed, such as through the slots in the fire doors. 
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4. Good firing includes noting fuel-bed conditions as to thickness, holes, caking, 
and clinkering. To avoid clinkers, keep the ash as cool as possible. Do not ^^bar** 
the fire so as to throw ash up into the hot fuel. 

5. Sometimes, dampening bituminous coal slightly with water improves fT 4 el-bed 
conditions. 


Table 23-3. Specifications for Hand-fired Grates^ 


Kind of coal 

Pressure 

Type of 
plant 

Type of 
grate 

Size of coal 

Mesh 

grate, 
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free air 
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coal 

High 

Industrial 
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These grate meshes will 
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der natural draft. 
Forced draft may be 
used without change of 
grates wherever over¬ 
rating of boiler is de¬ 
sired 
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Run-of-mine^ 

Slack* 


44 

38 

Anthracite 

High 

Industrial 

Dumping 

No. 1 buckwheat 

H 

32 

Natural 



and heating 


No. 2 buckwheat (rice) 


19 

Forced 





No. 2 buckwheat (rice) 

M 

32 

Strong natural 





No. 3 buckwheat (liarlcy) 

Hu 

12 

Forced 





Culm 

H4 

7 

Forced 


High and 

Heating 

Shaking and 

Pea 

H 

44 

Natural 


low 


dumping 

No. 1 buckwheat 

H 

38 

Natural 





No 2 buckwheat (rice) 

Hu 

29 

Forced 





No. 2 buckwheat (rice) 

H 

38 

Strong natural 


»"Finding and Stopping Waste in Modern Boiler Rooms," 3d ed., p. 143, Cochrane Corp., Philadelphia, 1928. 

® Large brick-set boilers. ^ 

^ Firebox-type boilers. < 


Table 23-4. Ratio of Heating Surface to Grate .Surface for Various Fuels 

Sq Ft 


No. 1 buckwheat anthracite.1:40 

No. 2 buckwheat anthracite (nee) .. 1:35 

No. 3 buckwheat anthracite (barley) .. .1:30 

No. 4 buckwheat anthracite. . .... 1:25 

High-grade bituminous coal ... 1:55 

Medium-grade bituminous coal.1.50 

Low-grade bituminous coal . 1:45 


Table 23-6. Ratio of Heating Surface to Grate Surface for Various Bituminous Coals^ 


Coal 

Grate-bar openings 

Ratio for economy 

Ratio for capacity 

Mine run 

Slack 

Mine run 

Slack 

Mine run 

Slack 

Va., W. Va., Md., Pa. 

H 

H 

1:60 

1:55 

1 • 55 

1:50. 

Ohio, Ky., Tenn., Ala . . .. 

H-}2 

}i 

1:55 

1:50 

1:50 

1:45 

Ill., Ind., Kans., Okla . ... 

H-H 


1:50 

1:45 

1.45 

1:40 

Colo., Wyo 

H 

^4 

1:50 

1:45 

1:45 

1:40 


1 Marks, Lionel S., ‘‘Mechanical Engineers’ Handbook," McGraw-Hill Book Company, Inc., New 
York, 1941. 
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General Care of Equipment 

1. All undesirable leaks through brickwork, around headers, doors, peepholes, 
shells, drums, soot blowers, or into the breeching and chimney should be effectively 
sealed (such leaks may be detected with a candle). 

2. All gas passes should be kept clean; the water side of the boiler should be kept 
clean; and all furnace brickwork and baffles should be maintained in good condition. 

3. All hot surfaces should be insulated. 

4. All controls, instruments, and dampers should be kept in good working order. 

Methods of Hand-firing Commercial Sizes of Anthracite^ 

The primary rule in firing any size of anthracite is '‘let it alone.This applies to 
barley and such other small sizes as may be fired industrially or commercially as well 
as to the larger sizes. 

The U.S. Bureau of Mines recommends burning coal rapidly and at high tempera¬ 
tures in order to secure the best economy. Fire small quantities of coal at short 
intervals so that thin places will not burn through and admit large quantities of 
excess air. The quantity of coal fired on each occasion depends upon such factors as 
grate area, load, and draft. Firing and cleaning should be so coordinated as to pro¬ 
duce a total fuel-bed depth of not over 6 to 8 in. just before cleaning. This should be 
considered the full-load fuel-bed depth; in periods of light loads, the attention required 
may be considerably decreased by firing materially more heavily. 

In the case of all barley equipment, the drafts should be adjusted so that the sur¬ 
face of the fuel bed just begins to "floatwithout either being dormant or ^'boiling” 
too violently. 

Spreading Method of Firing. In the spreading method, sometimes called the 
‘^alternate" method, a small amount of coal is fired at one time and spread evenly 
over the fuel bed from the front to the rear. The firing is done in alternate fire doors 
so that the entire fuel bed is not blanketed with green coal at the same time. Hand¬ 
firing practice leans more and more to the spreading method. 

Cleaning Hand Fires. Cleaning the fire is necessitated by the fact that clinker and 
coarse ash will not pass through the grates. The interval between cleanings depends 
upon the amount of coarse ash in the coal, the character of the ash, and the type of 
grate. If the coal contains much ash, or ash that is fusible, the fires may have to be 
cleaned often; if light fires are being carried, less clinker or ash forms, and the fire can 
often be run through a shift without cleaning. 

While the frequency of cleaning is thus necessarily a function of the design, boiler 
load, quality of fuel, etc., it is highly desirable to design and operate so that they will 
not have to be cleaned oftener than once per 8-hr shift, as this is easier on both labor 
and equipment. As cleaning intervals are, in the final analysis, determined by the 
amount of ash accumulated, Fig. 23-2 shows the depth of pure ash produced in each 
hour under various conditions. 

The cleaning of a banked fire should be done about 2 hr before steam is needed. 
It is advisable to bank the fire at the front of the grate near one of the doors. This 
exposes the clinkers, which can then be removed more readily. 

It is good practice to clean only one-half of a boiler at a time, skipping every other 
door, and going back to them only after the row has been completed. This method 
assures a more continuous output, higher CO 2 , and a more complete combustion of 
the gases. 

When cleaning is started, there should be sufficient burning coal in the furnac^e so 
that enough will be hift to start a hot fire quickly when the cleaning has been com- 

1 Johnson, Allkn J., The Combustion of Barley Anthracite, Trnaa. ASME, July, 1944, pp. 399-406. 
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pleted. If a light fire is being carried, it may be necessary to put some fresh coal on 
the side to be cleaned last. During cleaning, the damper should be partly closed. 

Cleaning should always be done thoroughly. All clinker and ash should be re¬ 
moved, with particular attention to any that might adhere to the side walls. Refuse | 
should be removed in such a way as to waste a minimum amount of combustible. 

There are two principal methods of cleaning hand-fired furnaces: 

In the side method, one side of the fire is cleaned at a time. The good coal and fire 
is first pushed from one side to the other. The clinkers then may have to be removed 
from the grates by means of a slice bar. When they have been loosened and broken 
up they are dumped into the ashpit or, on a stationary grate, pulled out of the furnace 
with a hoe. In the latter case the fireman should gather the clinker on the front part 
of the grate before pulling it out into a wheelbarrow, as this lessens his exposure to the 
heat. After the one side has been cleaned, it is next advisable to spread a thin layer 



Fig. 23-2. Amount of ash that will accumulate between cleanings. {Johnson, Allen The 
Combustion of Barley Anthracite, Trans. ASME, 1944.) 


of coal on the grates so that the full heat of the live fire will not rest directly on the 
grates. The burning coal from the other side may then be moved over to the clean 
side. At this point, a few shovelfuls of fresh coal are added in order to have enough 
burning coal to cover the entire grate when the cleaning is completed. (This addition 
of coal is important, especially when the cleaning must be done with a load on the 
boiler.) The clinkers are then removed from the second half of the grate and the fire 
respread over the entire grate to complete the cleaning. In cases where the load is 
heavy, a time interval may be necessary between cleaning the two halves of the grate, 
in order to allow the new fire to build up to its load-carrying capacity. 

A fireman, after becoming familiar with the side-cleaning method, should be able 
to clean a 200-hp boiler furnace in 10 to 12 min. 

In the front-to-rear method of cleaning, the burning coal is pushed with a hoe 
against the bridge wall. It is usually preferable to clean one-half of a grate at a time. 
The clinker is loosened and pulled out of the furnace, and the burning coal is then 
respread evenly over the grate. If the front-to-rear method must be used while the 
load is on the boiler, the side method should be employed after the day^s run is over, 
so as to prevent a large accumulation of thick hard clinker at the bridge wall. 

Some firemen have a habit of pulling the clinkers out of the furnace without scrap¬ 
ing and pushing the burning coal against the bridge wall or to one side. They merely 
run a slice bar under the clinker to lift it to the surface of the coal, and then remove 
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the large pieces with a hoe. Small pieces are not easily detected and are thus left in 
the fire. These fuse in a few minutes, because of the high temperature near the sur¬ 
face of the fuel bed and the air deficiency under the clinker. Thus more masses of 
clinker are formed which are usually worse than those removed. This habit should 
be discouraged, as it is not really a method of cleaning a fire. 

Thickness of Fuel Bed. The ideal thickness will depend on the size of anthracite 
burned. The smaller the size the thinner the fuel bed should be for maximum fuel 

economy and output. With buckwheat 
No. 1, the total fuel-bed thickness should 
be about 6 in.; for buckwheat No. 2 (rice), 
4 to 5 in. Never cover the fuel bed com¬ 
pletely with fresh coal. Fire frequently 
and, in effc(;t, sprinkle coal on the surface 
of the fire. Keep the fires free from 
blowholes, and maintain level fires for 
uniform burning. 

Hand-fired Grates for Commercial 
Sizes of Anthracite^ 

Hand-fired grates for the barley (and 
smaller) sizes of anthracite should be of 
the pinhole or slotted type. The latter 
arc commonly known as herringbone 
grates when the adjacent rows are set at 
a V-shaped angle. A choice between the pinhole and slotted types is largely a matter 
of manufacturer and consumer preference. 

While both dumping and stationary grates are available, a substantial percentage 
of all grates now being sold is of the dumping type. Grates that dump to the cent(‘r 
have the advantage of keeping hot ash away from the front of the ashpit and the rear 
ash closer to the point of removal. Dumping grates will usually weigh between 60 
and 80 psf. 

The minimum practical limitation of size for all such grates is about 10 sq ft; the 
maximum, a fuel-bed length of about 10 to 12 ft, as limited by the distance that the 
fireman can effectively throw the coal and handle the fire. 

Important points of design are the percentage of free air space and the uniformity 
of air delivery. If the free air space through the grates is less than 4 per cent, they are 
likely to restrict unduly the flow of air through the grates and thus necessitate exces¬ 
sive velocities; on the other hand, if the free air spaccj exceeds 8 to 10 per cent of the 
grate area, the velocity will be so low for the required volume of air delivery that 
much of the desired ‘‘jets” or blast effect will be lost. Uniformity of air delivery is 
unusually important because the air delivery of the individual air openings is so 
localized that either dead or unusually active areas on the grates of only a few square 
inches will result in ridges or patches of less or more active combustion with corn;- 
sponding somewhat spotty fires. 

Nevertheless, as Bato* points out, the question of the proper design of grates has 
been somewhat overemphasized, since there are really only two major points involved: 
(1) excessive sifting of the coal into the ashpit, and (2) the danger of holes being blown 
into the fuel bed in the case of too large air openings. As to item 1, it must be remem¬ 
bered that, except immediately after cleaning the fire, the coal does not rest on the 
grate but on the ashes of the coal burned previously. Accordingly, if grates with 

^ Johnson, Allen J., op. cU. 

* Bato, a. a., consulting engineer, East Orange, N J., in a written discussion of the pai^er by Johnson. 


Table 23-6. Air Required for Burning 
Anthracite^ 


COa in fur¬ 
nace, per 
cent 

Excess air, 
per cent 

Total air required 
(at 90°F)/lb coal 

Lb 

Cu ft 

6 

225 

32 0 

445 

8 

150 

24 6 

342 

10 

100 

19 7 

274 

12 

65 

16 2 

226 

14 

43 

14 1 

196 

16 

25 

12 3 

172 


1 Johnson, Allen J., The Combustion of 
Barley Anthracite, Trans. ASME, July, 1944, pp. 
399-406. 
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small openings are not available, the fireman may either cover the grates after clean¬ 
ing with a thin layer of ashes or, preferably, small-sized clinkers, or use a small quan¬ 
tity of larger sized coal for this purpose. As for item 2, the danger of holes being 
blown into the fuel bed is somewhat more serious, but prevails only for the first half 
hour or so after fire cleaning and can be minimized by a little care and checking. To 
these points must be added the retardation of combustion due to restricted air open¬ 
ings or inadequate underfire blast pressure. 

The size of pinholes ranges from Ho to 5^4 in., depending upon the manufacturer. 
They should be flared or tapered underneath to make them self-cleaning and to secure 
a modified venturi effect. The distance between individual pinholes is usually about 
^ in.; and the over-all metal thickness of the grates is usually about the same. 

While individual manufacturers and patentees sometimes emphasize the specific 
design of their holes and slots, Bato^ calls attention to the fact that the direction, 



Lb of coal burned /sq ft / hr 


Fig. 23-3. Draft required at different combustion rates for the commercial sizes of anthra¬ 
cite. {Johnson^ Allen J., The Combustion of Barley Anthracite, Trans. ASMS, 1944.) 

shape, etc., of the actual air jets reaching the live coal are determined by the ashes 
immediately under the burning coal at all stages excepting immediately after cleaning. 

The maximum combustion rate recommended for barley anthracite on shaking or 
dumping grates is 15 to 20 psf of grate per hr. 

With both hand-firing and semistokers, it is necessary to provide sufficient maxi¬ 
mum air pressure in the ashpit to burn the coal properly when the fuel bed is at maxi¬ 
mum thickness, i.e., just before cleaning. A static pressure of 2J^ in. water gauge is 
usually suitable for fans when delivering the rated quantity of air for barley anthracite 
(see Fig. 23-3). (This refers to the maximum pressure that should be available to 
the operator rather than to the operating pressure, as the latter will be solely depend-* 
ent upon such factors as fuel-bed thickness and rating.) 

As on other types of combustion, balanced draft conditions are to be preferred to 
minimize furnace infiltration. 

Semistokers (or Hand Stokers) for Anthracite 

The semistoker, or hand stoker, manufactured as ‘*MA” grates hy the McClave Co., 
Allentown, Pa., are especially suited to the burning of barley or rice anthracite in 
commercial and industrial installations. These units consist of a suitably inclined 

' Op. cit. 
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dumping grate, usually of the slotted type, having openings approximately 5^4 in. 
wide and a total air space of approximately 8 per cent. The grates are combined with 
overhead coal hoppers equipped with gates which, upon manual operation, drop coal 
to a horizontal ledge in front of the grate, from which it can be readily pushed onto 
the sloping fuel bed. The system is thus an improved method of hand-firing anthra¬ 
cite, with an elimination of manual handling of the coal to the boiler, rather than a 
stoker. Forced draft is used in conjunction with systems; its strength, 

together with the boiler ratings which must be produced, largely determines whether 
barley can be, or rice must be, used. 

Sizes Available. Semistokers are available in a full range of sizes up to about 12 
ft long and 14 ft wide, with capacities from 100 to 600 developed hp. Approximately 
7 to 10 ft of setting height is recommended for their installation. Coal-burning 



with hoe keep fuel bed in uniform 

condition 


Fig. 23-4. Proper method of operating a McClave hand-stoker. 

capacities range from 18 to about 23 lb on barley to about 25 lb maximum on rice. 
Material reductions in capacity may be experienced if the coal is poorly sized, such 
as with large amounts of dust or fine material, or high in ash, such as above about 15 
per cent. 

Operating Characteristics. Manual attention is reduced to spreading the coal by 
hoe, leveling the fire at intervals, cleaning the fire, and dumping the ash or clinker. 
Labor is thus less than for conventional hand-firing, through the elimination of coal 
handling outside of the boiler and hand shoveling to the furnace. Somewhat more 
uniform, better conditioned fuel beds can be carried, with resultant slightly higher 
boiler loads than on conventional dumping grates (Fig. 23-4). 

SINGLE-RETORT UNDERFEED STOKERS^ 

Considered numerically, the single-retort underfeed stoker is one of the most 
important coal-burning appliances in use. The stoker as a type has been in operation 
for approximately half a century, with many thousands in use. It is most popular 
for heating plants, process steam in moderate amounts, power generation for industrial 
plants, and small utilities. In fact, a consideration of first cost and efficiency of an 
installation which will comply with strict smoke ordinances makes the single-retort 
underfeed stoker a serious competitor to all equipment in the small and medium 
power and heating fields. 

While the single-retort side-dump type of stoker is always classed as of the under¬ 
feed principle, it actually combines both overfeed and underfeed burning in that, 
whereas the retort area in which the volatile gases are burned is a true underfeed zone, 
the side grates on which most of the fixed carbon is burned are really an overfeed area. 

1 “ Combustion Engineering,” Combustion Engineering-Superheater, Inc., pp. 3.1/., 1947. Single 
Retort Underfeed Stoker Firing, Fairmont Coal Bureau, Reference Bui. 0. 
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Principles of Operation. Coal is fed into the base of a narrow horizontal trough¬ 
shaped retort by means of either a plunger (Brownell, C-E Low-Ram, Detroit, Riley, 
Westinghouse, etc.), a reciprocating retort bottom (C-E type E), or a worm (Iron- 
Fireman, Winkler). The C-E Skelly uses a combination of the worm and pluniger in 
that a worm conveys coal from the hopper to the retort entrance and a reciprocating 
feeder unit distributes it in the retort itself. 

In general, the larger stokers use some type of plunger or reciprocating feed, with 
worm feeds being restricted to smaller models. 

Stationary and Moving Grates. The coal fed from the hopper travels away from 
each side of the retort (or one side in the side-retort models) over the grates toward 
the side walls. In the case of stationary-grate stokers (Riley and most other makes), 
the side-wall movement of the coal and ash is effected partly by gravity acting along 
the downward incline of the grate surfaces, and partly by the pressure exerted by the 



Fig. 23-5. Cross-section of single-retort, side-dump, underfeed stoker stationary grates. 
{Riley Stoker Corp.) 

incoming fresh coal. In stokers having mechanically agitated grate bars (C-E type E, 
C-E Skelly), sideward travel of the fuel is effected by the motion of the grate, aided 
somewhat by gravity and the pressure of the incoming coal. 

Air is supplied under pressure to the grates, which extend a short distance down¬ 
ward into the retort to provide for admitting air to the coal while still in the retort. 

In extremely narrow stokers, active combustion occurs directly over the retort as 
the coal moves upward to the fire. In wider stokers, the coal usually ignites as it 
passes the boundaries of the retort, so that active combustion occurs only over the 
grate proper. 

While such auxiliary moans as the quick thrust of the plunger of the Riley stoker 
are designed to increase the porosity of the fuel bed on the stationary-grate models, 
as well as to improve the characteristic flow of the fuel across the grate, the maximum 
width of stationary-grate underfeed stokers is about 6).^ to 7 ft for the most satis¬ 
factory operation. While widths greater than these are frequently encountered, 
there is usually a tendency toward uneven fuel beds, lack of uniform air distribution, 
and a necessity for considerable manual leveling of the fire. Moving reciprocating 
grates which distribute the fuel mechanically are commonly installed to furnace 
widths of about 12 ft. 
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General Principles of Combustion. The fuel bed is usually heavier over the center 
of the retort than at any other part of the fuel-bed area, this being particularly 
pronounced in stationary-grate stokers. The volatile gases arc driven off and 
burned over this portion of the fuel bed. Consequently more air is required at this 
stage of combustion to burn these gases properly, and it is thus customary to design 
the tuyere openings so as to allow relatively free air passage at this point. As the 
fuel passes out of the retort proper and over the tuyere blocks, a second stage of com¬ 
bustion is encountered, that of the caking of the coal. As smaller quantities of air 
are required for proper combustion at this stage than for the burning of the volatile 
gas, air to this section should be restricted, by either basic design or dampers. Any 
unburned fuel remaining after passing over the combustion grates is burned on the 
dump plates. Here again, the pressure of the air should be controlled in accordance 
with the amount of fuel being so burned. After the fuel is completely burned, the 
dump plates are periodically lowered and the ash discharged into the pit for removal. 

The furnaces in single-retort underfeed stokers usually comprise simple vertical 
refractory walls and, as no ignition or combustion arches arc required, much of the 
heat of the fuel bed is transferred to the boiler surfaces by radiation. 

Center- and Side-retort Types. In addition to being available with either sta¬ 
tionary or reciprocating grates, two further generic subdivisions of single-retort 
stokers are in use, those with the retort in the center and having two dump plates, 
and those with the retort at one side of the furnace and only one dump plate. An 
advantage of the latter type, particularly in the smaller furnaces, is that a larger 
proportion of the available furnace width may be devoted to active grate-bar area. 

Earlier models were frequently built with dead plates at the sides, instead of dump 
plates. Ash was removed by hoeing the clinker to the front of the boiler. Because of 
the very decided superiority of the dump-plate type, these are considered obsolete. 

Sizes and Capacities Available. Single-retort underfeed stokers arc manufactured 
in several distinctive designs, by a number of builders, and in sizes ranging from less 
than 10 sq ft of grate area to more than 125 sq ft. (Corresponding coal capacities are 
100 to 6,800 lb per hr. The upper limits in both cases are for rcciprocating-grato 
models. 

The greater furnace widths which can be handled by the moving-grate types give 
them a higher maximum output than the stationary-grate designs. According to 
‘^Combustion Engineering,” reciprocating-grate models are applicable for installations 
under boilers having up to 7,000 sq ft of heating surface and developing peak capac¬ 
ities to 60,000 lb steam per hr. The ptirmissible continuous combustion rate corre¬ 
sponding to this peak would be 40,000 to 45,000 lb steam per hr. 

Stationary-grate models are usually considered to be suitable for burning coals at 
continuous capacities up to 25,000 lb steam per hr and to be capable of handling peaks 
to about 45,000 lb steam per hr. They should rarely be considered for regular heavy 
duty at loads in excess of 30,000 lb per hr. 

Adaptability to Varying Loads. The single-retort stoker is well adapted to a widely 
varying load and, when properly applied and equipped with adequate instruments 
and controls, is capable of highly efficient combustion performance over a load range 
of about 4 to 1. 

This type of stoker is also characterized by its case and simplicity of operation and 
adjustment. This capacity range includes more than 75 per cent of the number of 
commercial and industrial boilers installed in this country. 

Permissible Combustion Rate and Heat Release. The permissible combustion 
rate is a function of the stoker width because, as the over-all width of the machine is 
increased, the dumping-grate area becomes a decreasing percentage of the total stoker 
grate area. For very small stokers, such as the smaller models of the Skelly (Combus^ 
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iw?i Engineering-Superheatery Inc.)y the combustion rates are preferably limited to 
18 to 20 psf of grate per hr continuously, with 2-hr peak ratings of about 25 lb. For 
stokers having a width of some 6 to 7 ft, the permissible continuous combustiqn rate, 
with a suitable coal, is about 30 Ib/sq ft/hr, with 2-hr peak ratings of 40 to 45 lb. 
On the wider stokers, 10 ft and over, continuous combustion rates of 40 Ib/sq ft/hr 
are practical, with 2-hr peak ratings up to 55 lb. 

With furnaces having refractory walls, and in which the fuel bed is exposed to the 
boiler surfaces, the preferred continuous maximum rate of heat release is around 
45,000 to 55,000 Btu per cu ft of furnace volume per hr, and around 75,000 Btu for 
2 -hr peaks. These rates of heat release may be increased somewhat under the most 
favorable conditions, as, for example, if water-cooled surfaces are used on one or more 
of the furnace walls, or if the grate area is liberally proportioned so that the combus¬ 
tion rates are relatively low. For example, in water-cooled furnaces, such as firebox 



701 _^_1_I _i^_i 

to 15 20 25 30 35 


Combustion rote, Ib/sq ft 

Fig. 23-6. Efficiencies of single-retort underieed stokers. Note: These curves are based 
on a constant exit-gas temperature of 500°F. To arrive at a true comparative efficiency, 
a correction factor of approximately 3 per cent per 100®F difference between 500° and the 
actual boiler outlet temperature must be applied. {De Lorenzi, Otto, Combustion Engi¬ 
neering,'^ Combustion Engineering-SuperhecUcr, Inc., New York, 1947.) 

steel boilers and cast-iron heating boilers, the permissible rates of heat release may be 
as high as 100,000 to 120,000 Btu/cu ft/hr continuously, with 2-hr peaks up to 
150,000 Btu. 

On the other hand, if the stokers are set in Dutch-oven furnaces in which the fuel 
bed is not exposed to the boiler surfaces, the permissible rates of heat release must be 
reduced to avoid excessive refractory maintenance. 

Air Pressure Required. The air pressure required in the main air chamber, for 
various rates of combustion, varies somewhat according to the design of the stoker. 
In general, a stationary grate, having a relatively deeper fuel bed at the center of the 
retort, will require a higher pressure for a given coal consumption than will a grate 
having moving bars. As examples, ^‘Combustion Engineering^^ cites requirei^ents 
of 1.0 in. water gauge for each 10 lb coal per sq ft of grate per hr for their moving 
grate type E and Shelly (bituminous) stokers, 1.25 in. water gauge for each 10 lb coal 
per hr for their C-E Low-Ram stationary-grate stoker, and 1.0 to 1.25 in. water gauge 
(total) for their anthracite Shelly operating at permissible combustion rates of 22 to 25 
psf on rice anthracite. 

Coals Suitable for Single-retort Underfeed Stokers. Single-retort underfeed 
stokers are designed to burn caking, or moderately caking, bituminous coals and 
certain free-burning bituminous coals and, to a lesser extent, other grades of coal or 
waste fuels, such as wood refuse, in combination with such coal. In practical appli- 




Table 23-7. Test Results with Single-retort Underfeed Stokers with Various Coals^ 
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cation, fuels ranging from lignite to anthracite are being burned successfully. How¬ 
ever, this type of stoker is most widely used for burning Eastern caking and mildly 
caking bituminous coals, and those Middle Western free-burning bituminous coals 
which have an ash-fusion temperature sufficiently high for successful utilization in the 
relatively thick fuel beds that characterize underfeed firing. 

For satisfactory stoker operation, coal sizing is as important as coal analysis. The 
size of coal best suited to single-retort underfeed stokers may be specified as follows: 

The fuel shall be bituminous coal with a size consist of approximately equal proportions 
of nut, pea, and slack, these three sizes of coal being defined as follows: 

1. Nut coal of a size passing through a round-hole screen and retained on a 

%-in. round-hole screen 

2. Pea coal of a size passing through a ?i-in. round-hole screen and retained on a 5^ 6*h^« 
round-hole screen 

3. Slack coal of a size that will pass through a J^g-in. round-hole screen 

In the event that difficulty is experienced in obtaining commercial coal sized to 
these close limits, the following alternate sizing is usually acceptable: 

Bituminous coal of a size known commercially as 1- to ij^-in. nut and slack, and shall 
preferably contain not more than 50 per cent slack, slack being defined as coal of a size 
that will pass through a round-hole screen. 

It is usually recommended that individual lumps of coal bo not larger than in., 
particularly when the fuel is of a hard mechanical structure. However, many of the 
Eastern bituminous coals are friable, and sizes known commercially as 2-in. “ resultant'' 
or even 2J^-in. “resultant’^ may be satisfactorily used because, with these friable 
coals, the degradation in transit and handling is sufficient to reduce the lumps to 
sizes that burn well in this type of stoker. 

Anthracite on Underfeed Stokers. Number 2 buckwheat, or rice, anthracite is 
being used successfully on underfeed stokers that have been especially designed for 
its use at coal-burning rates of from 100 to 500 lb per hr (total).^ Specific design for 
anthracite is most important, since attempts to substitute anthracite for bituminous 
on many stokers results in materially lowered combustion rates and such difficulties as 
avalanching of the coal and/or clinkering. In sizes such as these, moving grates are 
highly advantageous. Skelly and Flynn & Emrich are outstanding examples of 
stokers using anthracite. 

Factors in the Selection of Bituminous Coals for Residential Stokers^ 

The great majority of bituminous-coal stokers used in residential installations are 
of the clinkering type. Because of inherent characteristics of the underfeed combus¬ 
tion process as it occurs in these small stokers, and because of the wide range of 
operating conditions encountered, not all bituminous coals can be used successfully in 
residential underfeed units. Further, at the present time, a standard test procedure 
for the evaluation of coals for use in residential stokers is not available. In fact the 
only criteria of any real value to date are actual performance tests on stokers of 
typical operating characteristics. 

Battelle Memorial Institute, Columbus, Ohio,* recently reported upon a series of 
such tests on 33 bituminous coals. Of these they list several as suitable for residential 
stoker use, as is shown in Table 23-8. As several committees and research groups are 
making similar studies, it is likely that this list will be greatly expanded. 

Reasons for Unsatisfactory Performance. In view of the difficulty of presenting 
the coal requisites, the following negative approach is necessary; i.e.j unsatisfactory 

1 In addition there are several makes of ronnd-retort domestic-type anthracite stokers with buck- 
wlieat and nee capacities of 15 to 85 lb per hr. 

2 Purdy, James B., and Harlan W. Nelson, Mining Trans, AIMS, vol. 184, pp. 214-223, 1949. 
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coals were found to have one or more of the following general undesirable character¬ 
istics in the Battelle tests. ^ 

1. Slow ignition with less than 20 lb coal burned during the first hour 

2. Over 8 per cent ash content 

3. Over 2600®F ash-softening temperature 

4. Ijess than 20 per cent of the ash released converted to clinker 

5. A smoke reading of over 12 units average during the off period 

6. A wind-box pressure exceeding 1.25 in. water gauge. 

7. Weight of coke at end of test exceeding 10 lb 

8. Free-swelling index exceeding 8.0 

9. It is assumed that the top size does not exceed 134 3,nd that the amount of 
-~34“in. coal does not exceed that of normal resultant coals. 


Table 23-8. An Evaluation of Coals for Residential Bituminous-coal Stokers^ 


Test 

Bed 

State 

Class® 

Reasons for classiheation 

Actual market¬ 
ing experience 

1 

Wallins 

Ky. 

S 


No information 

2 

Wallins 

Ky. 

S 


No information 

3 

Upper Freeport 

Pa. 

u 

Strong coke-tree formation 

No residential 

4 

Pittsburgh 

W. Va. 

s 


No information 

5 

No. 2 gas 

W. Va. 

s 


Successful 

6 

Taggart 

Va. 

s 


Successful 

7 

Taggart 

Va. 

s 


Successful 

8 

Chilton 

W. Va. 

u 

Poor clinker and hold-fire 

Not marketed 

0 

Sewell 

W. Va. 

s 


No information 

10 

Pittsburgh 

W. Va. 

s- 

Sluggish ignition, low clinker, above avg 

No information 





hold-fire 


11 

Elkhom 

Ky. 

s 


Successful 

12 

Elkhorn 

Ky. 

s- 

Poor clinker 

No information 

13 

Elkhorn 

Ky. 

s 


No information 

14 

Elkhorn 

Ky. 

s 


No information 

15 

Elkhorn 

Ky. 

s 


No information 

16 

Mason 

Ky. 

s 


Successful 

17 

Mason 

Ky, 

s- 

Poor clinker 

Not marketed 

18 

No. 11. 

Ky. 

s 


Successful 

19 

High Splint. 

Ky. 

s- 

Clinker questionable 

Successful 

20 

Blue Gem 

Ky. 

s 


Mine closed 

21 

No. 2 gas 

W. Va. 

s- 

! Sluggish ignition, strong coke, low 

No information 







22 

(Unknown) 

Ind. 

s 

1 clinker 


23 

Hazard No. 4 

Ky. 

s 


Not marketed 

24 

Hazard No. 4 

Ky. 

s- 

Inadequate clinker 

Successful 

25 

Elkhom No. 4 

Ky. 

s- 

Inadequate clinker 

Not marketed 

26 

Hernshaw 

Ky. 

s- 

Poor clinker 

Not prepared 

27 

Rich Mountain 

Tenn. 

u 

Sluggish ignition and hold-fire, high 

Not marketed 





coke, low clinker 


28 

Shannon. 

Va. 

u 

Sluggish ignition and hold-fire, high ash 

Not marketed 





content 


29 

No. 2 

Ky. 

u 

Poor ignition and hold-fire sluggish fire. 

Not marketed 





high ash 


30 

No. 7 

Ky. 

s 


Not marketed 

31 

Powell ton 

W. Va. 

s 


Not marketed 

32 

Hazard No. 4 

Ky. 

s 


To be marketed 

33 

Clintwood 

Ky. 

s 


Not marketed 


1 Purdy, James B., and Harlan W. Nelson, Mining Trans. AIME, vol. 184, pp. 215-223, 1949. 
®S = satisfactory. S— = Not completely satisfactory. U = Unsatisfactory. 


The stoker performance is so complex that it is not reasonable to expect the per¬ 
formance factors to vary with single coal factors; at least two or three coal character¬ 
istics are at work at the same time in affecting clinker formation alone. 

1 Kaiser, E. R., in a discussion of the Purdy and Nelson pai)er. 
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Important factors in determining the degree of satisfaction from a bituminous coal 
arc (1) initial ignition, (2) clinker formation, (3) coke formation, (4) rate of fuel con¬ 
sumption during hold-fire operation, (5) resistance of the fuel bed to the flow of air, 
(6) uniformity of burning during intermittent operation, and (7) smoke concentration. 

Burning Anthracite on Underfeed Stokers^ 

Small underfeed stokers are available for the combustion of anthracite in domestic 
ranges of about 15 to 85 lb coal per hr; and in commercial models (Skelly of C-E Co. 
and Flynn & Emrich) up to 1,000 lb (see section on Underfeed Stokers for Anthracite). 
While essentially the same as comparable bituminous-coal stokers, there is sufficient 
difference in design, principally in the supply and admission of air, to make it advis¬ 
able not to burn anthracite on stokers designed for bituminous coal unless recom¬ 
mended as a result of tests by Anthracite Institute Laboratory. 

Balance between Air and Ash. The small anthracite stoker is more sensitive to a 
proper balance between the air supply and the ash quality than virtually any other 
type of coal firing. If the carbon dioxide is maintained at a higher-than-design level, 
it will almost always be at the expense of increased combustible in the ash; if attempts 
are made to burn the ash out completely, excessive air may increase the stack loss. 
Thus, in setting a stoker of this type, careful attention should be given to the balance 
between these items, rather than trying to obtain optimum conditions on both points 
simultaneously. 

Carbon Dioxide. As in other classes of combustion equipment, a carbon dioxide 
percentage as high as is compatible with other operating conditions is desirable. 
However, unless it can be obtained with a reasonably wide (1 to 2 in.) ash ring on the 
round domestic models, green eoal will almost invariably spill over to the ashpit to 
cause a most undesirable loss. Thus, while an Orsat is useful in locating air leaks, its 
readings should not be depended upon for air settings without the further considera¬ 
tion of ashpit loss as determined from analyses or observation of the fire. On a 
domestic stoker of average size, a 1- to 2-in. ash ring is considered desirable; narrower 
rings waste coal to the ashpit; wider rings waste heat to the stack as excess air. 
Mulcey* gives the following CO 2 and ash figures as a basic range for domestic anthra¬ 
cite-stoker settings: 



Poor 

Good 

Carbon dioxide, per cent 

Below 8 

9-12 

Combustible in ash, per cent. 

Over 40 

1&-30 


Combustible in Ash. In addition to the above consideration of setting the stoker 
by the width of the ash ring, if unburned coal is spilling into the ashpit at one point, 
or if the burning coal is not symmetrical with the periphery of the retort, it may mean 
either that the top of the stoker retort is not level or that there is excessive segregation 
of fines at the retort top. A black spot, such as is frequently seen in the center of a 
retort, is of little significance unless it is so large as to reduce the effective grate area, 
or unless it is asymmetrical to a point that green coal is spilling to the ashpit, as above. 

Service Suggestions. Aside from the more readily diagnosed causes for interrup¬ 
tion, such as failure of the coal to feed, and control difficulties, the most frequent 
causes of substandard results are excessive undersize in the coal, and obstructions 
to the proper air delivery. 

1 Mtjlcey, Paul A., Domestic Anthracite Stokers, Anthracite Industries Laboratory Bxdl. Ii-37, 1940 
(now Anthracite Institute). A Guide for Reducing Fuel Consumption in Commercial Plants, U,S, 
Bur. Mines Bull. 466. 

2 Op, cit. 



784 


METHODS OF FIRIVQ SOLID FUELS 


Undersized coal may be as caused by excessive segregation in the bin or by poor 
coal, or it may be the result of excessive grinding in the feed worm. In the latter case, 
the worm or bottom of the retort may be broken or worn, or foreign materials such 
as wires or rags may be wrapped around the worm. It is well to insist on stainless- 
steel coal-feed worm and shafts, iink'ss the construction is such as to use cast iron, 
since the life of carbon-steel worms and worm shafts is limited to the feeding of as 
little as 40 tons of coal or even less. 

Obstructions to air delivery may be caused by dust or foreign material in the air 
ducts, wind box, or tuyere openings, or they may even be due to inadequate air in the 
cellar. Certain antifreeze treatments, such as common salt, sometimes have a tend¬ 
ency to cause deposits in the lower part of the tuyeres to block the air and cause 
difficulties. 

Draft. As is the case with virtually all combustion equipment, maximum efficiency 
will be obtained with an absolute minimum of furnace draft. Just sufficient negative 
draft should be maintained at the fire door to prevent positive pressure with resultant 
discharge of gas and fly ash to the cellar. If the chimney is higher than necessary, 
a barometric type of draft damper may be used, but ordinarily they are unnecessary 
with the steady firing rate of small stokers. 


Table 23-9. Burning Rates of Round-stoker Retorts^ 


Retort diam, 

Retort 

Lb coal/hr/sq ft retort area 

in. 

area, sq ft 


i 

1 


1 


1 

1 

1 

1 

1 

1 

1 

1 


1 


i 





13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

10 

0 545 

7, 

,1 

7, 

,6 

8 

2 

8 

7 

9 

3 

9 

8 

10 

3 

10 

9 

11 

4 

12 

0 

11 

0.660 

8 

6 

9 

2 

9 

9 

10 

6 

11 

2 

11 

9 

12 

5 

13 

2 

13 

9 

14 

5 

12 

0 785 

10 

2 

11 

0 

11 

8 

12 

6 

13 

4 

14 

1 

14 

9 

15 

7 

16 

5 

17 

3 

13 

0 922 

12 

0 

12 

9 

13 

8 

14 

7 

15 

7 

16 

6 

17 

5 

18 

4 

19 

3 

20 

3 

14 

1.068 

13 

9 

15 

0 

16 

0 

17 

1 

18 

2 

19 

2 

20 

3 

21 

4 

22 

4 

23 

5 

15 

1.226 

15. 

9 

17 

2 

18 

4 

19 

6 

20 

8 

22 

1 

23 

3 

24 

5 

25 

8 

27 

0 

16 

1.395 

18 

1 

19 

5 

20 

9 

22 

3 

23 

7 

25 

1 

26 

5 

27 

9 

29 

3 

30 

7 

17 

1.575 

20 

5 

22 

0 

23 

6 

25 

2 

26 

8 

28 

4 

29 

9 

31 

5 

33 

1 

34 

7 

18 

1.767 

23 

0 

24 

7 

26 

5 

28 

3 

30 

0 

31 

8 

33 

6 

35 

4 

37 

1 

38 

9 

19 

1.968 

25 

6 

27 

6 

29. 

6 

31 

.5 

33 

5 

35 

5 

37 

4 

39 

4 

41 

4 

43 

3 

20 

“ 2.180 

28 

4 

30 

5 

32 

7 

34 

9 

37 

1 

39 

3 

40 

4 

43 

6 

45 

8 

48 

0 

21 

2 400 

31 

2 

33 

6 

36 

0 

38 

4 

40 

8 

43 

2 

45 

6 

48 

0 

50 

4 

52 

8 

22 

2 640 

34 

3 

37 

0 

39 

6 

42 

3 

44 

9 

47 

6 

50 

2 

52 

8 

55 

5 

58 

1 

23 

2 880 

37 

4 

40 

3 

43 

2 

46 

1 

49 

0 

51 

9 

54 

8 

57 

6 

60 

5 

63 

4 

24 

3 142 

40 

8 

44 

0 

47 

1 

50 

.2 

53 

4 

56 

5 

59 

7 

62 

8 

66 

0 

69 

1 


Note: Figures in body of table show total pounds per hour for retorts of the several sizes at the burn¬ 
ing rates shown at the top of the columns. Multiplying these figures by 29 gives the inaximuin rating 
in terms of steam radiation (240 Btu per sq ft) as specified by Commercial Standard CS48-34. 

1 Mulcey, Paul A., Domestic Anthracite Stokers, Anthracite Institvte Bull. L-37, 1940. 

Baffles for Small Underfeed Anthracite Stokers. The use of ovi'rfire baffles for 
small underfeed anthracite stokers is highly desirable in most instances in order to 
reduce furnace exit-gas temperatures and thus increase efficiencies. Most boilers in 
which such stokers are installed were designed for considerable side-wall absorption 
of heat. This is largely lost with stoker firing unless the gases of combustion can be 
brought into closer contact with the side walls by such devk^es as baffles. 

Three types of baffles are in most common use: (1) curtain baffles for rectangular 
boilers which force the gases down under a suspended curtain after sweeping the 
crown sheet, (2) downdraft tubes which perform similarly, and (3) suspended refrac¬ 
tory or metal plates or cones. Anthracite Institute has found^ that the shape, type, 

1 Baffles for Stoker Fired Boilers, Anthracite Institute Bull. L-38, 1940. 
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and location of a baffle are secondary to the extent to which it causes the gases actually 
to sweep side walls or other furnace surfaces. 

Thus a round suspended baffle is shown to be of little use unless its size is such that 
it forces side-wall impingement (see Table 23-10). In general, a baffle shouldfbe 
designed to bring the boiler draft resistance up to a total of about 0.1 in. H 2 O. The 
gain through the use of the baffle will be proportionate to the extent to which the 
unbaffled boiler resistance fell below 0.1 in. with a maximum probable increase in 
output of about 12 per cent. 


Table 23-10. Recommended Sizes of Round Suspended Baffles^ 

(For round furnaces of various diametera and having various unbafSed draft 
resistances. Body of table shows baffle size) 


Draft resistance, in. H2O . . . 

0 10 

0 08 

0 06 

0.04 

0.02 

... 

70 

75 

80 

85 

90 

Boiler diain, in'* 






10 

m 


9 

93^^ 

oy 

12 

10 

mi 

mi 

11 

mi 

14 


mi 

^2^ 

13 

isy 

16 

13K 

14 

mi 

mi 

1534 

18 

15 

mi 

16 

1634 

17 

20 

16^4 

1714 

18 

183^^ 

19 

21 

17>^ 

mi 

18^^ 

1934 

20 

22 

18K 

19 

mi 

203^^ 

21 

23 

mi 

20 

20H 

213^^ 

21H 

24 

20 

20^i 

2iy2 

2234 

22H 

25 

21 

2134 

22 H 

23K 

23^i 

26 

21^i 

2212 

2334 

23 

24^ 

27 

22M 

231^ 

24 

24H 

2534 

28 

23H 

24K 

25 

25H 

2634 

29 

24M 

25M 

26 

2W 

27y 

30 

2534 

26 

2^H 

2734' 

2834 

32 

2 m 

27^i 

2SH 

2934 

soy 

34 

28 V2 

29H 

soy 

313^^ 

3234 

36 

30U 

3134 

S2y 

3334 

3434 


Note: Though sizes are shown as calculated, it will be more practical to use nearest even inch for 
actual size. 

1 Anthracite Institute Bull. L-38, 1940. 

® As measured at point of location of proposed baffle. 

Table 23-11 shows the baffle size expressed in terms of full furnace area, which can 
be safely us(*d without iindiu? increases in draft restriction. This table also shows the 
probable increase in boiler output to be expected if this full-sized baffle is used. If a 
smaller baffle is selected, improvement will be proportionately less. 


Table 23-11. Baffle Design Chart' 

(For suspended metal or refractory baffles) 


Draft resistance through boiler, in.**. . .. 

0.02 

0.04 

0.00 

0.08 

0.10^* 

Baffle size recommended, per cent of grate area. 

90 

85 

80 

75 

70 

Probable increase in output, per cent. 

12 

10 

8 

4 

2 


1 Baffles for Stoker Fired Boilers, Anthracite Institute Bidl. L-38, 1940. 

« Breeching draft (inches H2O) with zero furnace draft as measured before baffle is installed. 
Benefit of baffle doubtful if unbaffled boiler draft resistance exceeds 0.10 in. H2O. 
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Refractory baffles are used extensively, but difficulty of installation and access 
makes it difficult to use sufficiently large sizes; thus most such baffles are found 
installed in grossly inadequate diameters. 

A further advantage of furnace baffles is their effect in reducing fly ash, because 
they de^^t from 50 to 86 per cent to the ashpit. 

Domestic Stoker Control 

\ 

The accepted method of controlling domestic stokers has been by means of a room 
thermostat as protected by safety switches and as supplemented by a hold-fire con¬ 
trol, of the tliLimostatic or timing type, for mild weather. As long as the thermostat 
called for heat, the stoker ran, unless interrupted by a safety switch. A resultant 
disadvantage was that, in prolonged operation on caking bituminous coals, trouble¬ 
some coke trees formed to interfere seriously with the orderly process of com¬ 
bustion. 

Thermo-interruption Fire Pilot. To alleviate this condition, Sampsel Time 
Control, Inc., has introduced a new idea in control in which the thermostatic call is 
interrupted once every 15 min for a length of time adjustable up to 7 min out of 
each 15. 

This halt allows the fire to catch up^’ with the raw-coal feed, thus allowing higher 
and more efficient rates of coal feed with more uniform fires. The higher feed rates 
also compensate for the feed lost during the artificial shutdown periods. Coke trees 
formed during the burning period are weakened by combustion at the base during the 
stop period, to topple and burn. 

Sampsel claims to have burned successfully a wider variety of cofds than has hereto¬ 
fore been considered practical. However, they caution that the control will not over¬ 
come such undesirable coal properties as excessive ash or low ash-fusion temperatures, 
but they consider thermo-interruption a substantial aid to better operation and 
increased economy. 

MULTIPLE-RETORT STOKERS^ 

Multiple-retort stokers are an extremely popular method of burning caking free- 
burning bituminous coal, particularly in the approximate size range of 25,000 to 
200,000 lb steam per hr. A survey conducted by Appalachian C-oals, Inc.,^ in 1935 
showed that underfeed stokers were firing 30 per cent of the boilers of the United 
States, accounting for 60 per cent of the coal mechanically fired, and that the multiple- 
retort type, in turn, accounted for 32 per cent of the underfeed stokers. 

Principle of Operation. Multiple-retort stokers are constructed in three distinct 
sections to handle the three successive burning stages of caking bituminous coal, 
caking and combustion of the volatile, burning of the formed coke, and final burning 
of the refuse. The first section consists of a number of parallel sloping retorts into 
which coal, as discharged from the hopper, is pushed by rams to the lower edge. 
The second section, located immediately below the first, consists of a number of 
reciprocating plates designed to receive, burn, and convey the broken coke and 
unagglomerated material formed in the first, or retort, section. This second section 
is known as the overfeed or extension-grate section. The third se(;tioii is a dead plate 
of the continuous or dumping type or rotary ash discharge, designed to hold the 
nearly burned out material until it can be either completely consumcid or discharged 
to the ashpit (Fig. 28;7 h ). 

Air Zones. A method is usually provided for zoning the air under the grates into 
two or more compartments. The exact method and number of compartments vary 

^DB Lobenzi, Otto, ** CombuBtion Engineering,” Combustion Engineering-Superheater. Ino., New 
York, 1947. 

2 Fairmont Coal Bureau, Reference Evil. 8, August, 1946. 




Fig. 23-76. New model R Rile^Muperstoker. Riley-Badenhausen boiler. Riley-Baden- 
hausen water-cooled furnace. 


* to compensate for inequalities ®the feeding of the coal or segregation of sizes in the 
hopper. Lateral zoning is alsq^pluable to correct uneven lateral fuel-bed conditions. 
Types of Ash Removal. Tmje distinct types of ash removal are available: 

1. Dump type, in which the hinged dead plate is operated intermittently as dictated 
*#*by the condition of the fire 
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2. Continuous-discharge type, in which the surface of the grate is somewhat, if 
not completely, similar to the manual dump type, but in which the dumping is 
performed automatically by continuous mechanical motion 

3. Rotary ash-discharge type, in which a set of slowly revolving rolls, located at 
the rear of the stoker, receives, grinds, and discharges ash to the pit 

Selection of Ash-discharge Type. Generally the coal, the size of the stoker, and the 
character of the expected load will determine whether the clinker-grinder, continuous- 
ash-discharge, or dump-grate type of construction should be used. Larger stokers, 
high-ash coals, continuous operation at high capacity, or a combination of these factors 
will indicate the desirability of the use of grinders. They contribute to reduced 
carbon losses, better furnace condition, and higher CO 2 content of furnace gas. 

Next in order of choice is the simple, but hardly less effective, continuous-ash- 
discharge type. This design is capable of practically the same performance as the 
grinder type, but a more careful supervision is required. The comparable efficiency 
is somewhat lower, because of a small increase in ashpit carbon loss due to the limited 
time available after the refuse leaves the extension section. Both the clinker-grinder 
and the continuous-ash-discharge types require the installation of watcr-cioolcd 
surface in the rear furnace wall. They also require relatively deep ashpit space. 

Dumping grates are used in smaller units and with low-ash coals where intermittent 
dumping will not interfere with the load. They are also widely used in conversions on 
account of shallow ashpits and the fact that rear-wall water cooling, while desirable, 
is not necessary. More manual labor is required as the dump plates must be raised 
and lowered periodically. There may be a momentary drop in capacity, as w(‘ll as in 
CO 2 during dumping. Furthermore, some of the live fuel on the extension-grate 
section may slide into the ashpit during dumping. As a result, efficiency is lowest 
with the dumping type of ash removal. 

Fuel-bed Characteristics. The fuel bed on a multiple-retort stoker is of two 
distinct types. In the underfeed section there are parallel rows of hills and valleys, 
extending from the front wall to the discharge end of the retorts. The hills occur 
over the relatively ina(!tive retort areas, because they have no provision for air 
admission. The coal is supplied by a reciprocating feed, and this prodiK^cs a certain 
amount of segregation in the fuel bed. The coarse coal finds its way to the tuyeres 
near the front. The fines travel the length of the retort. No lateral motion is 
provided to feed the coal directly onto the adjacent tuyeres. The stroking action of 
reciprocating secondary rams partly agitates the high ridges of ignited, smoldering, 
and partly caked coal over each retort. This produces a limited amount of lateral 
feed, which supplies fuel to the tuyere zone. 

High combustion rates and a thin active fuel bed exist over the tuyeres through 
which the air is admitted. To shake down and level out these alternately thick and 
thin parallel ribbons is the function of the overfeed section. As this irn^gular mass of 
burning fuel reaches the overfeed section, which usually equals some 20 to 30 pt‘r cent 
of the length of the underfeed section, it is quickly shaken down to uniform thickness 
by the reciprocating action of the grates in this area. The fuel bc^d is now level, 
compact, homogeneous, and extremely active because of the stoker control and the 
admission of correct air quantities. As a result, the fuel bed may be burned out 
uniformly across the stoker width by the time the fuel reaches the dump grates or 
ash-discharge section. 

Relation of Furnace Design and Fuel Specifications to Performance of 
Multiple-retort Stokers 

In a multiple-retort stoker installation, the degree of approach to optimum effi¬ 
ciency and operating conditions depends to a very marked extent upon such factors as: 
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1. Construction of, the stoker, with particular respect to such items as ash dis¬ 
charge and air control. 

2. Construction of the furnace, with reference to such items as furnace volume, air 

turbulence and side-wall construction. • » 

3. Selection of the coal, with particular reference to its adaptability to the condi¬ 
tions of stoker and furnace design, plus such additional items as the load to be carried 
and the rate of load fluctuation. 

Each of these major considerations is interlocked with the others to a point where 
cither a complete coordination of design, operation, and coal selection must be made 
or a compromise effected to meet properly any existing less than ideal phases of the 
three. 

Ideal Conditions of Design and Operation. Hypothetical conditions such as might 
be specified in the unusual and improbable circumstances of an engineer's having 
complete control of equipment design, operating characteristics, and fuel selection 
would probably include: 

1. A furnace volume to give a heat liberation of not over 35,000 Btu per cu ft of 
furnace volume per hr. 

2. Sufficient furnace turbulence to ensure thorough mixing of all lean and rich gases 
arising from the fuel bed. 

3. Sufficient side-wall cooling to prevent the adhesion of clinker. 

4. Use of a caking bituminous coal in a 2-in. nut and slack size in which not over 
50 per cent of the slack content will pass through a J^-in. round-hole screen. The 
coal to be uniformly distributed across the stoker hopper, to have a volatile content 
between 20 and 30 per cent, an ash content between 6 and 8 per cent, an ash-softening 
temperature above 2400°F, and an iron content (Fe 203 ) of the ash of not more than 
15 per cent. 


Furnace Design 

Furnace Volume. Ample furnace volume facilitates higher sustained capacities 
with a minimum of effort and maintenance. It is also a major consideration in reduc¬ 
ing difficulties in new installations, so that, whatever, the compromise on other 
factors, furnace volume should not be sacrificed. Optimum is 35,000 Btu per cu ft 
of furnace. 

Overfire Air. While there is really no solution to a material restriction of furnace 
volume other than the installation of a modern unit of integrated design, when such a 
restriction docs exist, as on the older installations, the use of overfire air may improve 
conditions somewhat. 

A recommended method of overfire-air supply is the discharge of relatively high 
velocity air, such as at pressures of from 10 to 30 in. water, through a number of jets 
located in the furnace bridge wall. Rear-wall jets have been found to be far more 
effective than a large number of low-velocity openings in the front furnace walls. 
As furnaces usually contain adequate air for combustion, the action of the jets is 
largely one of setting up sufficient turbulence to mix the furnace gases thoroughly 
and thus ensure their proper combustion. For this reason, steam may be satisfactorily 
substituted for air whenever more desirable. Furnace turbulence also serves to 
reduce the fly-ash carry-over. 

Side-wall Cooling. Inadequate furnace volume also frequently leads to side-wall 
clinker adhesion* As combustion progresses, such clinkers grow to become a potential 
cause for serious grate burnouts. The installation of water-cooled surfaces at the 
stoker side walls serves to minimize this difficulty with materially improved operating 
conditions. Air-cooled walls and carborundum brick are also frequently used for the 
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same effect. In the latter case, the results are somewhat proportionate to the degree 
of the difficulty encountered. 

Rear Arches (as for nonagglomerating »coals). Coals lacking in tendency to 
agglomerate, and thus not forming satisfactory coke masses, have a tendency to drift; 
i.e.f partly ignited and green coal will blow or drift to the discharge end of the stoker 
to result in generally unsatisfactory operation and high maintenance. Just as is the 
case with traveling-grate stokers, the obvious solution is the addition of a long rear 
arch to cause a redeposit of the drifted coal to the front end. Such arches also 
provide turbulence. Short rear arches usually fail to produce maximum possible 
improvement. 

Preheated Air (and furnace maintenance). Based upon a record of a large number 
of installations, reasonably low maintenance costs require that the combustion-air 
temperature shall not exceed 250 to 300°F. An average of many installations showed 
furnace maintenance costs of 3 cents per ton of coal with 200°F air; 6 cents per ton 
with 300°F air; and 14 cents with 400°F air. In seeming contradiction, one large 
plant reported furnace maintenance of 3.2 cents with 330°F air. However, the latter 
was with skillfully maintained fuel-bed contours and careful coal selection and thus 
serves to illustrate the importance of operating adjustment and coal characteristics 
on the item of maintenance. 

Air Distribution. It is important that air distribution be uniform and that it give 
maximum cooling to all parts of the grate surface. With either manual or automatic 
regulation, air flow should not be reduced to an extremely low rate or shut off com¬ 
pletely just after carrying an active fuel bed. This precaution is of especial impor¬ 
tance when low-ash coals are burned, because the lower end of the grate has very little 
protective ash covering. 

Air Control. Sectionalized control of the air from the front to the rear of multiple- 
retort stokers permits different pressures under various sections of the grate. A 
higher pressure may be used if the fuel bed is too thick, while a reduc.ed pressure may 
be used at the thinner areas. Usually, with a sat-isfactory fucl-b(‘d contour, the air is 
uniform over the entire retort section and slightly lower under the overfeed or (^xten- 
sion-grate area. 


Fuel-bed Contour or Control 

The best general guide for multiple-retort operation is the fuel-bed contour. The 
depth above the tuyeres should be sufficient to hold excess air flow to a reasonable 
level. Experience indicates that with the freer burning coals the depth should be 
between 14 and 16 in?, and with the higher coking coals between 22 and 24 in. Where 
large coke masses form, there are usually accompanying crevasses which permit the 
flow of excess air. By increasing the fuel-bed thicknesses, it is possible to minimize 
the relative area of the crevasses and thus effect more uniform air distribution. A 
freer burning coal, forming smaller coke masses, will give a thinner more uniform fuel 
bed, with more satisfactory operating conditions. With coals containing a large per¬ 
centage of lump, it may be necessary to carry thicker fuel beds than with slack. 

If the fuel bed is generally too thin, increasing the speed of the stoker rams will 
thicken it. If the fuel bed tends to become too heavy at the front end, an increase 
in the length of the stroke of the secondary rams is necessary. The lateral contour 
may be adjusted by means of individual controls on each secondary ram where the 
same have been provided. 

Over the extension grate, the fuel bed should be 6 to 8 in. deep for the freer burning 
coals, and 8 to 10 in. deep for coals of greater caking quality. A thin bed of burning 
fuel and refuse on the discharge plates, or a sloping level over the clinker grinder pit, 
gives the best over-all results. 
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Fuel Specifications 

Effect of Coal Sizing. Coal specifications for multiple-retort underfeed stokers 
usually call for 2-in. nut and slack with not more than 50 per cent of the slack through 
a /4“in. round-hole screen, and for the fuel to be delivered across the hopper without 
segregation. Best results are obtained when there is a uniform graduation in coal 
size from lump to slack. Excessive fines make it necessary that a higher percentage 
of the burning process bo carried out in the overfeed section. This results in localized 
high combustion rates, with a resulting increase in carbon loss. Readily accessible 
adjustments are provided to maintain a most suitable contour of fuel bed regardless 
of fuel-size variations. 

Volatile Content. Figure 23-8 shows typical performance curves for two volatile 
ranges, 15 to 25 per cent, and over 30 per cent. In general, coal with 20 to 30 per cent 
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Fig. 23-8. Typi(;al performance curves for multiple-retort stokers. Note: As the above 
efficiencies are as for 500°F exit gas temperature, a correction factor of approximately 3 
degrees per 100° variation from this temperature should be applied, {de Loremi, Otto, 
Combustion Engineering,^^ Combustion Engineering-Superheater, Inc., New York, 1947, 
p. 4-17.) 


volatile is recommended, with marked decreases in efficiency to be expected when the 
volatile exceeds 30 per cent. In areas where smoke is an important item, it may be 
necessary to use even a lower volatile particularly with dump grates. 

Ash Analysis. While by no means infallible, the ash-fusion temperature and per 
cent Fe 20 j will generally serve as a good indicator of the clinkering qualities of a coal. 
Fe 203 usually averages much higher when the ash-fusion temperature is low. There 
are some coals, however, in which the Fe 203 ranged from 10 to 14 per cent with 
corresponding ash-fusion temperatures of 2100 to 2400®F. In others, with Fe208 of 
20 to 24 per cent, the ash-fusion temperature was from 2500 to 2750°F. Nevertheless, 
where exceptions have not been established, it is considered desirable to keep the 
Fe 203 below 20 per cent with the high-fusion ash coals, and below 15 per cent with 
coals of lower ash-fusion temperatures. 

In general, coals should be selected with relatively low ash contents. However, 
there are a number of free-burning coals with relatively high ash content whose 
softening and clinkering characteristics will allow agitation and which may thus be 
burned satisfactorily on multiple-retort stokers. 

Blending Coals. Some attcuiipts have been made to improve coal quality by 
blending. A mixture of a low-ash coal, a high-ash coal, and a drifting coal may give 
more satisfactory results than any one of the coals alone. However, considerable 
study and actual tests are necessary to justify the expense of mixing and the care 
required to prevent segregation. 
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Agglomerating Characteristics. Coals that have a tendency to cake, but break 
into a porous fuel bed when agitated, are most suitable for multiple-retort stokers. 
Nonagglomerating coals have a tendency to drift to the rear of the stoker; and highly 
caking coals may not produce so satisfactory a fuel-bed contour. 

Coal Cost as a Factor in Selection. When a stoker plant is located at a consider¬ 
able distance from the coal fields, the comparative delivered prices of various coals 
are usually not far apart. The selection of the coal best suited may be made on a 
basis of comparative burning tests. However, when the plant is closer to the mines, 
the choice is more difficult. The cheapest coal may be one that causes high grate 
maintenance or considerable operating difficulties. In such cases, the balance 
between coal costs, increased maintenance, and operating difficulties must be care¬ 
fully worked out. Sometimes the highest priced coal will be the most economical. 

Fuel-burning Rates on Multiple-retort Stokers 

Combustion rates on the multiple-retort stoker grate may be limited by a number 
of factors or a combination of factors, such as cinder emission, slow ignition and 
penetration, excessive furnace temperatures, cinder adhesion to the walls, and drifting 
of the fuel to the rear of the stoker. More often, however, the formation of trouble¬ 
some clinkers, difficult to remove, is the limiting factor. Such clinkers also affect the 
distribution of air to the grate surface, causing excessive ashpit losses and high 
maintenance. 

According to ^‘Combustion Engineering,^^ satisfactory operation is obtainable with 
combustion rates of about 40 lb of coal per sq ft per hr for a continuous rating and a 
peak rating of under 60 lb. These values are for the continuous-discharge and 
clinker-grinder types of stokers; the dump-grate stokers will approximate about 85 
per cent of these values. 

For high-ash low-fusion-ash coals and for drifting coals, lower combustion rates 
are desirable, probably around 35 lb per sq ft of grate per hr for continuous ratings. 
Thicker tuyeres with larger air openings seem to offer some advantages for the low- 
fusion-ash coals. 

Balance between CO 2 and Ash Burnout Desirable. In calculating a heat balance 
to determine the over-all efficiency of a proposed steam-generating unit, a compara¬ 
tively high percentage of CO 2 or low excess air for a given exit-gas temperature will 
naturally give the highest efficiency. In daily operation, however, even where the 
furnace volume is ample, a moderate CO 2 with well-burned-out ash will usually give 
the most satisfactory results from a balanced standpoint of efficiency, reliability, and 
maintenance. 


Table 23-12. Typical Performance Data of Multiple-retort Stokers^ 


Duration, hr. 

22 01 

21 04 

13 34 

10 83 

Actual evaporation/hr, lb. 

115,580 ! 

117,721 

194,561 

195,0i)2 

Coal bumed/hr, lb. 

11,223 

11,532 

19,812 

19,912 

Coal/sq ft grate/hr, lb. 

22 9 

23 6 

40 4 

40 7 

Drum pressure, psia. 

213 5 

213 5 

215 1 

214 4 

Temperature, water to boiler, deg F 

121 7 

120 2 

120 7 

124 9 

Temperature, gas from boiler, deg F 

501 

505 

()03 

606 

CO 2 stack gas, per cent . 

15 52 

14 96 

15 73 

15 17 

Moisture in steam, per cent . 

0 05 

0 06 

0 17 

0 17 

Heating value of coal as fired, Btu, 

13,540 

13,470 

13,411 

13,329 

Heat absorbed by boiler, per cent 

84 30 

84 10 

81 19 

81 18 


Data: Washington, Central Heat Plant; boilers 25,243 sq ft each; 15-retort stokers, each having a 
projected area of 490 sq ft; rear and side walls have 1,316 sq ft water-cooled surface; volume combustion 
space 9,435 cu ft. Designed for 82 per cent eflSciency at 113,000 lb per hr equivalent evaporation. 

1 de Lorbnzi, Otto, Combustion Engineering," p. 4r-17, Combustion Engineering-Superheater, Inc., 
New York, 1947. 
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SPREADER STOKERS^ 

The spreader stoker is probably capable of burning coals of a wider differing analy¬ 
sis than any other type. It has its greatest acceptance, where the load to be carried 
may be variable but is to a considerable degree constant. Its thin fuel bed makds it 
suitable for the use of coals of high ash and volatile content because of the absence of 
clinkering. It burns considerable of the fuel in suspension, allowing the heavier 
particles to bo deposited on the grate for slower burning. Since the fuel bed is usually 
only 2 to 4 in. deep, the spreader stoker does not operate satisfactorily under inter¬ 
mittent control. It must be modulated automatically if satisfactory operation is to 
result. 

Spreader stokers were one of the earliest methods of firing solid fuels, with the 
patents dating back to 1822. For reasons of economy, the earlier stokers were of the 
natural-draft type; and the necessity for adequate furnace volumes and accurate 
combustion control had not been recognized. As a result, the earlier units were 
characterized by objectionable fly-ash carry-over, excessive smoke emission, and 
generally disappointing operation. 

By reason of these seemingly inherent disadvantages, the spreader stoker almost 
disappeared from the market until, in 1925, a redesigned spreader stoker was intro¬ 
duced with more efficient feeding and distributing mechanism, and with the inclusion 
of forced draft and a high-resistance grate surface. Developments since that date 
have been so rapid that the spreader stoker now ranks high among modern methods 
of burning a wide range of solid fuels. 

Principle of Operation. In the forced-draft spreader stoker, feeding and distrib¬ 
uting mechanisms continuously project coal into the furnace above a grate of either 
the stationary, dumping, or traveling continuous-discharge type. The fines are 
partly burned in suspension, while the larger particles are burned without agitation 
but in an intensely active condition on the grate. The spreader stoker thus combines 
some of the principles of the firing of pulverized coal and the combustion of coal on 
grates. 

Types of Feeders Employed. In carrying out the general principles of the spreader 
stoker, various methods have been employed for throwing or spreading the coal. 
These include such devices as: the paddle-type underthrow spreader, in which the 
paddles revolve so as to throw the coal into the furnace from their bottom periphery; 
the paddle-type overthrow spreader, in which the paddles revolve so as to throw the 
coal from the top point of their periphery; air jets, in which the coal’is conveyed and 
distributed by air from some convenient coal-hopper and fan location; and a method of 
spreading the coal with a steam jet, in which the coal is brought from the hopper to 
the jet with an adjustable screw feed. (Jet-type stokers are characteristically used on 
locomotives.) In all types, particular attention is given to ensuring as even distribu¬ 
tion of the fuel over the entire grate area as is possible. This is accomplished by such 
means as tilting the paddles at different angles, setting alternate blades in different 
directions, and curving the blades so that the direction will be influenced by the 
point of impact. Various methods of feeding the coal to the paddles are employed, 
usually of measuring or metering types. 

Stationary-grate Spreader Stoker. A typical spreader stoker consists of coal¬ 
feeding units spaced above the grate line and located on the front wall of the furnace. 
These units include a variable-feeding device for conveying coal to a rotor or rotors 
on which the blades are mounted. These revolving blades of the feeder strike the 

* Bbrrs, R. L., Recent Developments in Spreader Stoker Firing, Mech. Eng,, vol. 64, No. 12, pp. 
867-971, 1942. db Lorbnzi, Otto, “Combustion Engineering,*’ Chap. 5, Combustion Engineering- 
Superheater, Inc., New York, 1947. Barkley, J. F., U.S. Bureau of Mines, The Forced Draft Spreader 
Stoker, Trans. ASME, May, 1937, pp. 259-265. 
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incoming fuel and throw or sprinkle it uniformly over the entire grate area which, 
in this model, consists of horizontal grates, usually with forced draft. The design 
of the feeder is of paramount importance, for upon it depends the ultimate uniformity 
with which the coal is burned. 

The finer particles of coal arc burned cither wholly or partly in suspension, and the 
coarser particles are burned on the grate. The air openings in the grate surface are 
usually restricted to less than 5 per cent of the total grate area to minimize the effect 
of relatively wide variations in the fuel-bed and ash-b(;d resistances as the grate loads 
after cleaning, and also to increase air velocity to promote turbulence and rapid 
burning. As the fresh coal is thrown on top of the live fuel bed ignition is very rapid. 
The ash, which is always at the bottom of the fuel bed, is (ihilled by the incoming air, 
thus tending to reduce the formation of clinker and also acting as a heat insulator to 
protect the grates. It is not necessary to disturb the fuel bed which would promote 
the formation of clinker and overheating of the grates. 

With ordinary stationary-grate operation the fires should be cleaned after the ash 
has accumulated to a depth of 4 to 6 in. In turn, the grates should be so proportioned 
that this is not oftener than every 4 hr with normal loads. 

Power-operated Dumping Grates with Spreader Stokers. Where a more rapid 
cleaning of the fires is desired than is possible with stationary grates, power-operated 
dumping grates may be employed. In contrast with the earlier undivided plenums 
imder the grate, the air chamber or ashpit is now typically divided to provide a sepa¬ 
rate chamber for each feeder and for each section of the grate. In cleaning, one sec¬ 
tion of the air and coal supply can be cut off without interfering with the other sections, 
thus reducing excess air in the furnace. 

With power-operated grates it should be possible to clean a section in 2 to 3 min. 

Spreader stokers with power-operated dumping grates have produced very satis¬ 
factory results with boilers having a capacity of 100,000 lb steam per hr and even 
larger. 

Continuous-discharge Spreader Stokers. On still larger boilers where it is desirable 
to eliminate all varying fuel-bed conditions, such as variations in the depth of ash 
and the interruptions of cleaning, a continuous-discharge traveiling grate is employed. 

With large boilers containing several sections of grate and several feeders, interrup¬ 
tions for cleaning can prove quite serious, particularly where the coal has a fairly 
high ash content. Whereas, with a low-ash coal, cleaning might be required only 
once in 8 hr or more, with some high-ash fuels, cleaning would possibly be necessary 
once every hour, unless a low rate of (iombustion was maintained. 

To overcome this deficiency, a continuous-cleaning grate of the traveling type has 
been incorporated with the spreader stoker with noted success. Reversing the 
orthodox traveling-grate principle, this grate travels forward at slow speed to discharge 
the ash at the front of the boiler. 

As the spreader-stoker grate has to travel forward only fast enough to discharge 
the ash without regard to the coal feed, the movement is considerably slower than 
with the conventional traveling-grate stoker. For an average installation using a 
coal containing 8 per cent ash and burning 60 lb coal per sq ft of grate area per hr. 
Beers cites a speed of approximately % in. per min. This speed ensures ample ash 
insulation to keep the grate casting at temperatures of not over 50°F above the 
boiler-room temperature. 

With forward grate travel, the rear end of the grate can be sealed off, which is 
desirable as the fuel cannot always be thrown the same distance. With excess air 
admitted through the front of the grates for burning the fine particles of coal in 
suspension, the ash discharged from the grate is practically free from combustible 
matter. Tests reported by both Beers and the U.S. Bureau of Mines showed a 
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**combustible in the refuse’’ range of from 3 to 17 per cent with resultant losses due 
to this source of from 0.4 to 3.1 per cent (bituminous and lignite tests only, as anthra¬ 
cite was higher). 

Power required for both the grates and feeders is reported at % hp per net tpn of 
coal fired. 

Despite the restricted grate openings, air pressure under the grates seldom exceeds 
2 in. of water. 

Selection between Intermittent- and Continuous-discharge Types. According to 
“Combustion Engineering,” an intermittent type of spreader is definitely indicated 
when the ash in the coal to be burned is less than 7 per cent, and the continuous-dis¬ 
charge type should be used when the ash content is greater than 10 per cent. 

Advantages of Spreader Stokers. 

1. A wide variety of coals can be burned at very high rates. 

2. Inferior grades of fuel having high and low ash-softening temperatures can be 
handled more satisfactorily than on other types of stokers. 

3. Fuels can be burned that cannot be handled satisfactorily on other types. 

4. The fuel burns practically as fast as it is fed into the furnace. 

5. A change in the ratio of the coal and air supply almost instantly changes the 
carbon dioxide content of the flue gases. Spreader stokers are thus characteristically 
quick in their response to changes in the demands for steam as well as to wide varia¬ 
tions in the connected load. 

6. The maintenance of the grates is low because the temperature of the iron in the 
grates is approximately the temperature of the incoming air as soon as a layer of ash 
is formed. 

7. Coking coals burn without the formation of coke because of the thin fires and 
rapid combustion, together with the fact that the volatiles and tarry hydrocarbons 
tend to burn first while in suspension to leave material of a less coking nature to burn 
on the grates. 

8. Spreader stokers are less dependent upon coal sizing, particularly uniformity 
of sizing. Screenings, small run-of-mine, and nut and slack are ideal. 

9. The ash is practi(*,ally free from clinkers and has a low carbon content. 

10. The boilers can be put on or taken off the line quickly, thus increasing flexi¬ 
bility and reducing stand-by losses. 

11. Quick changes can be made from one fuel to another. 

Disadvantages of Spreader Stokers. While the disadvantages of spreader stokers 
are far outweighed by the advantages, they do include the necessity for careful design 
and proportioning if difficulties arc to be avoided from fly ash, smoke, and control. 

Fly ash is the major problem with spreader stokers. As the coal is introduced in 
suspension, fly-ash and cinder carry-over must be taken into consideration in design¬ 
ing the layout. 

The fly ash is usually coarse and easy to separate. The combustible content may 
vary from practically zero, as in the back chamber of a horizontal-return tubular 
boiler, to as much as 85 per cent in cases where there was little after combustion as in 
the bottom of the second pass of a vertically baffled boiler. With vertical baffles 
there is more of a tendency for the fly ash to enter the boiler than with horizontal 
baffles because, with the latter, considerable ash drops behind the bridge wall. 

Anthracite and scmianthracitc usually give more fly-ash carry-over than some of the 
lower rank coals. 

Fly ash should not be allowed to accumulate too much at any one spot, such as at 
the bottom of the breeching, because it may suddenly lift all at once and go out the 
stack, causing considerable nuisance. 

Fly-ash recovery methods include low-draft-loss cinder traps which frequently give 
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satisfactory results on natural-draft stokers. However, for induced draft, a cyclone 
trap or cinder-separating fan will prove most effective. As much of the fly ash will 
burn when injected into the furnace, reinjection is the rule. In addition to the 
resultant economy, the nuisance of the fly ash is reduced thereby. Steam jets have 
been used for returning the fly ash, often with somewhat less than satisfactory results 
because of operating costs and maintenance problems. High-pressure fans are pre¬ 
ferred by many; both have the added advantage of increasing furnace turbulence. 

With cinder recovery, and under favorable conditions, heat loss from cinder carry¬ 
over can be reduced to 2 or 3 per cent. Without cinder recovery and under unfavor¬ 
able firing conditions, it may be as high as 12 per cent. 

It has sometimes been possible to eliminate fly-ash complaint by screening out sizes 
below No. 12ASTM screen, and also by oil-treating the coal. 

Controls. The spreader stoker is so sensitive in its operation that it responds 
almost instantly to changes in the ratio of air and coal supply. This can prove to be 
either an advantage or a disadvantage—an advantage if, through proper quick-acting 
controls, advantage is taken of this inherent ability to follow the fluctuations in the 
boiler load; a disadvantage if manual control is attempted with resultant tendency to 
smoke when out of adjustment in one direction and to waste fuel because of excess 
air in the other. 

It is therefore almost essential to provide good automatic-control equipment to 
maintain the proper draft and ratio of coal to air with fluctuations in the load. 

One type of control uses an auxiliary or secondary control to maintain a constant 
volume of air from the fan through the fuel bed for every main fuel-air setting. This 
secondary control may be actuated by the drop in pressure across the orifice in the 
main air duct or by any differential pressure that varies with the main air flow. 

In this type, the boiler damper operates directly from the pressure in the combus¬ 
tion chamber and is independent of the main controls. 

Another simpler type eliminates the auxiliary control by operating the boiler damper 
direct from the steam-line pressure; the forced-draft fan operates direct from the 
pressure in the combustion chamber. 

With all such controls, some hand adjustment may bo necessary when the coal size 
is changed appreciably. 

Smoke can be produced quickly if too much coal is fed into the furnace for the 
amount of air supplied. Likewise the smoke can be quickly eliminated by increasing 
the ratio of air to coal, assuming that the heat release is not excessive or the combus¬ 
tion rate too low for maintaining ample furnace temperature. 

It is thus desirable to have a smoke indicator. This may range from a simple 
mirror or periscope to the electronic types which actuate audible or visual signals or 
even regulate the dampers at set points of ^^haze^^ or smoke. 

Furnace Design. In spreader-stoker firing, the temperature and velocity of the 
gases entering the boiler section are critical as they are closely related to the fly-ash 
carry-over. They are also a factor in determining the abrasion of furnace walls and 
boiler parts. 

Barkley recommends a minimum of 14 ft of flame travel, and that such flame 
travel be horizontally aefross the grate if possible, in all cases where bituminous or 
lower rank coals are to be used. 

Furnace temperatures of not over 2400°F are desirable; 2000°F is considered a 
desirable standard for gases entering the boiler passes. 

It is important to provide ample combustion space with spreader stokers. Heat 
releases of from 20,000 to 35,000 Btu per cu ft of furnace volume per hr are the 
accepted design standards. While higher releases are possible, they are very likely 
to produce excessive smoke. 
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De Lorenzi writes that ‘*for suitably water-cooled furnaces this rate can be stepped 
up to 40,000 to 45,000 Btu/cu ft/hr.” However, this would seem to warrant the 
caution of very careful design, coal selection, and operation. ^ 

Deep ashpits with basement removal are always desirable, and are essential for 
grates over 12 ft long unless, of course, mechanical ash conveyors are used. 

At present a 16- to 20-ft throw of the coal is considered a maximum, with Combus¬ 
tion Engineering Co. reportedly filling a number of orders for the latter size. 

There is no limit to the width of spreader stokers, except insofar as boiler design 
and costs are affected. 

Efficiency Compared with Underfeed Stokers. In general, and with suitable coals, 
the spreader stoker may be expected to show about the same over-all efficiency as 
the underfeed stoker. All items of heat balance are virtually parallel, with the 
exception of the carbon loss in the fly ash, where not returned to the boiler. On the 
poorer coals, the spreader stoker is at a distinct advantage. Under regular operating 
conditions, in general, the firemen will more nearly approach test efficiencies with 
the spreader stoker than with the underfeed stoker. 

Efficiency Compared with Pulverization. The efficiency of pulverized fuel may be 
expected to exceed that of the spreader stoker by a few percentage points. However, 
and particularly in the smaller and medium installations, this is likely to be offset by 
the lower auxiliary power and lower maintenance of the spreader stoker. 

The spreader stoker is apparently establishing a preference over pulverized-fuel 
units, at least for capacities up to 200,000 lb steam per hr. 

Maintenance. Maintenance of continuous-discharge spreader stokers is very 
moderate owing to the low speed and low temperature of the traveling grate and to 
the fact that the firing mechanism is located outside of the furnace. 

Bowman^ reports average costs of grate maintenance of 4.22 mils and of stoker 
maintenance of 5.26 for a total of 9.48 mils per ton of coal fired for 37,845 hr of opera¬ 
tion during which 285,605 tons of coal 
were fired. 

This checks closely with the industry’s 
general rule of 1 cent a ton of coal main¬ 
tenance costs. 

Auxiliaiy Power. Auxiliary power is 
particularly low on spreader stokers. 

Table 23-13 shows power installations in 
an Iowa central station of 125,000 lb per 
hr steam capacity to be only 30 hp. As 
approximately 8 tons of coal are required 
per hour for this rated capacity, this is 
3.75 hp per ton per hr, a low figure. The 
power for crushing run-of-mine coal to 
— %-in. mesh is not included, nor are the 
75-hp forced-draft fan or the 150-hp 
induced-draft fan, as these were con¬ 
sidered common to all plants of this size 
and type. 

Water-cooled Walls. Water-cooled 
side walls are considered essential, except for small boilers, to prevent high refractory 
maintenance. It is desirable, however, to use only enough cooling to protect the walls. 
Too much cooling, especially at the lower combustion rates, may be detrimental to 
optimum efficiency and interfere with smokeless operation. 

1 BOWMA.N, J. W., Trans. ASME, vol. 69, No. 3, p. 207, 1947. 


Table 23-13. T 3 q)ical Atudliary Power 
Requirements^ 

(Spreader stokers for 125,0(X)-lb steam plant) 



No. 

Hp 

each 

Total 

hp 

Spreader units. 

2 


3 

Traveling grate. 

2 

1 

2 

Overfire air. 

1 

10 

10 

Cinder return. 

1 

15 

15 

Total stoker and firing 
system. 



30 


Note; Crusher to reduce coal to ^4 in. not 
included. The cinder-return fan is rated 2,100 
cfm, 300°F, delivery pressure 15-in. water gauge. 
The overfire-air fan is rated 3,000 cfm, 70°F, 
delivery p)ressure 10 -in. water gauge. 

1 DrabeliLE, J. M., Burning Low-grade Mid¬ 
western Coals on Spreader Stokers with Contin¬ 
uous Ash Discharge, Trans. ASME, vol. 69, No. 
3, pp. 203-212, April, 1947. 
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Without water walls, some clinkering difficulties may be encountered, particularly 
at the higher burning rates and temperatures, and in cases where the ash bed is allowed 
to build up too thick or to remain on the grate too long. More frequent dumping 
has solved many such cases, as has air-cooled carborundum brick along the grate line. 

Slag Formation. There is little tendency toward slag formation on the boiler 
tubes. Even with furnaces with refractory walls, operated with low excess air and at 
high capacities and using low-fusion fuels, there may be considerable slagging on the 
walls but little on the tubes. 

Steam or Air Jets. In larger boilers and at high burning rates, or where furnace 
conditions are poor, improvement in smoke emission may be obtained by the use of 
steam or air jets properly set in the furnace to increase the turbulence materially. 
A cross fire from jets set at the front corners or four corners of the furnace and aimed 
somewhat downward toward the rear of the grate is usually quite effective in decreas¬ 
ing smoke. 

Steam jets applied in this manner frequently reduce the cinder carry-over by 50 
per cent, while the visible smoke is reduced to one-third of its original amount. 

The steam consumption of jets will average from 1 to 1per cent of the total steam 
produced; however, this is usually offset by an improvement in combustion efficiency 
to leave the reduction in cinder carry-over and smoke as a net gain. 

In one example, it was possible to carry about twice the boiler rating, for an increase 
in heat release of from 20,000 to 40,000 Btu/cu ft/hr, by the use of the jets, with a 
maximum Hingelmann smoke reading of less than No. 1. 

Preheated Air. Aside from the direct material reduction in maintenance costs, a 
major advantage of the cool grates of the spreader stoker is that preheated air can be 
used to a marked advantage without complications. Some installations are using as 
high as 400°F, with 300°F as commonplace. However, judgment should be us(h1 
where low-fusion coals arc to be burned, as too much preheat might result in a ‘‘pan¬ 
cake” type of clinker. 


Selection of Fuels for Spreader Stokers 

Spreader stokers are ideal for a wide range of coals, (‘specially for the low grades of 
fuels with high ash and low fusion content. They can handle everything from 
lignite through semianthracitc without question, and even anthracite can be burned 
satisfactorily, subject to certain qualifications. 

Nevertheless, there are still some limitations that affect optimum efficiency and 
performance. Chief among these are sizing and moisture content. 

The coal sizing is of the greatest importan(?e. The stoker will burn fuel ranging 
from slack all through 34 in. or even 34 m-? to 134- or 134-m. nut and slack. However, 
a considerable range in size consist is necessary for proper distribution. With double- 
screened coals, there is a tendency for much of the coal to fall on only one portion of 
the grate, since the normal action of the stoker depends largely on the different 
amounts of centrifugal effect on the larger and smaller pieces. If, on the other hand, 
the size consist is fairly well distributed between coarse and fine, the burning rate and 
ash bed will be practically uniform over the entire grate surface. 

When the coal is too coarse and too large a proportion is above about in., the fuel 
bed may not burn down evenly, with resultant clinker in the areas containing the 
larger sizes. Similarly, if the lumps falling to the grate are too large they cannot be 
completely consumed during the short time that they are on the grate. The resultant 
loss can be averted by holding the maximum screen sizing to in. or less. 

Conversely, the use of excessively small fuels, such as with a large proportion below 
346 in., may produce satisfactory combustion conditions, but the cinder carry-over 
will be high. 
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To emphasize the effect of coal sizing, de Lorenzi shows the cinder carry-over at 
different rates of combustion and with several different fuels (see Fig. 23-9). He 
states that the combustible matter in the carry-over varies from 20 to 60 per cent 
and that it is almost directly proportionate to the turning rate. From 25 to 60 per 
cent of this material will be collected in the boiler passes. By returning these fines to 
the furnace, approximately 50 per cent of their heat value can be recovered. 

In general, high-moisture fuels give less efficient performance than those having 
lower moisture content because of the more difficult feeding and distributional prob¬ 
lems. When the coal is fine and dry, it tends to feed too rapidly; when wet the 
particles may cohere and stick to the feeder to result in erratic performance. Obvi¬ 
ously this would not apply if the moisture was inherent, as is much of that in lignite. 



Fig. 23-9. Effect of coal size and quality on cinder carry-over, spreaders, (de Lorenzi^ 
Otto, “ Combustion Engineering,^' Combustion Engineering-Superheater, Inc., New York, 1947, 
p. 5-8.) 

*Note change in scale. 

Caking properties have but little effect upon performance. These properties are 
greatly reduced by subjecting the fuel to the full effect of the furnace temperature 
before it reaches the grate. As a result there is a rapid distillation of volatile matter 
and tarry hydrocarbons, and this almost entirely destroys the tendency to coalesce. 

Operation of Spreader Stokers on Anthracite. The principal limitation of anthra¬ 
cite for spreader stokers is tin? fine double screening applied to all mine sizes excepting 
the lowest or smallest size of a particular breaker. This narrows the size consist with 
the effect of spotty distribution as was previously described. 

Yard screenings have been fired with marked success as have mixtures of anthracite 
and bituminous coal. While there is no available record of mixtures of anthracite 
sizes, it is believed that these could be satisfactorily worked out if uniform mixtures 
could be obtained. 

In general, anthracites operate with less attention and more uniform results as the 
volatile content increases. 
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With anthracite, somewhat better results have been reported when firing inter¬ 
mittently instead of continuously. 

Typical Operations and Uses 

A stoker burning Colorado lignite containing 20 per cent moisture and 9,500 Btu is 
reported with boiler and economizer efficiencies of 82 per cent. It operated con¬ 
tinuously for 6-month periods without shutdowns, and then only for periodic cleanings 
and inspection. 

A plant designed for Indiana coal averaging 10,050 Btu has shown daily efficiencies 
of 83 per cent with 65 Ib/sq ft/hr. Designed for 210,000 lb steam per hr, 225,000 lb 
have been carried. At a time when the plant had burned 90,000 tons of coal, there 



Fig. 23-10. Effect of coal size and quality on amount burned in suspension, {de Lorenzi, 
OUOj Combustion Engineering ” Combustion Engineering-Superheater, Inc., New York, 1947, 
p. 5-8.) 

*Note change in scale. 

had been no grate replacements nor wc^re the grates showing any signs of growing or 
overheating. 

Table 23-15 shows extensive tests in an Iowa plant. Even though the fuel con¬ 
tained up to 7 per cent sulphur and had an ash-softening temperature as low as 1900°F, 
the ash was practically free from hard clinkers and the boiler free from slag. 

Marine and Locomotive Use, In addition to the widespread acceptance of the 
spreader stoker for general industrial and power use, other uses include marine 
service, particularly on the Great Lakes; locomotives, where combustion rates are 
as high as 150 lb sustained and 250 lb for short peaks; at least one mobile plant 
designed for high-moisture lignite of poor quality; and the conversion of several 
traveling-grate systems into the continuous-discharge spreader-feed type. 

The British “Sprinkler” Stoker^ 

The British counterpart of the spreader stoker is the “sprinkler” stoker. Two 
types are available, one with the coal spread by means of a shovel working mechani¬ 
cally and intermittently and having movable grate bars for self-cleaning; and a second 

*“The Efficient Use of Fuel,'* pp. 237-240, Chemical PublishinK Company, Inc., Brooklyn, 1945. 
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type with rotary distributor and stationary grate. In the first, coal distribution is 
obtained by means of cams in the mechanism; in the second, the distribution depends 
on the angularity of the paddle-type rotors. Both types seem to be used as a replace¬ 
ment for hand-firing, after the fashion of the earlier American spreaders, rathe!r than 

Table 23-14. Typical Test Results with Spreader Stokers with Stationary and Dump 

Grates^ 


Test. . 

A 

B 

C 

D 

E 

F 

G 

Boiler heating surface, sq ft . 

4,970 

3,364 

7,860 

7,350 

3,995 

4,200 

6,180 

Economizer 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

Air heater . 

Yes 

Yes 

No 

No 

Yes 

No 

No 

Type of grate. 

Evaporation, from and at 

Stationary 

Stationary 

Dump 

Dump 

Dump 

Dump 

Dump 

212°F, Ib/hr . . 

21,200 

25,624 

97,850 

61,839 

18,695 

29,846 

20,822 

Carbon dioxide, per cent 

12 35 

12 86 

14 30 

14 68 

14 18 

14.60 

12.90 

Final gas temp, deg F 

292 

297 

387 

386 

326 

502 

455 

Air temp, deg F . 

299 

302 

82 

79 

276 

74 

70 

Combustible in refuse, per cent 

13 0 

7 3 

11.25 

11 31 

5 7 

2.68 


Coal as fired, Btu/lb 

14,167 

12,165 

11,793 

11,463 

10,756 

9,549 

7,186 

Ash in coal, per cent . 

5 4 

12.41 

10 76 

7 31 

11.21 

7.35 

7.28 

Sulphur, per cent 

0 8 

2 19 

1 25 

1.41 

1 55 

0.45 

0.29 

Heat release, Btu/cu ft 

Losses: 

42,400 

47,000 

j 26,400 

24,080 

16,000 

30,500 

21,200 

Moisture, per cent 

0 24 

0 47 

1.07 

1.34 

1.49 

3.08 

5.90 

Hydrogen, per cent 

3 78 

3 76 

3 00 

4 83 

3.85 

4 55 

5 27 

Dry flue gas, per cent 

5.22 

5 55 

7 45 

7 04 

5 25 

10.35 

9.91 

Combustible in ash, per cent 
Radiation and unaccounted. 

0 79 

1.07 

0.95 

0.72 

0.61 

0.15 

0.54 

per cent 

Heat absorbed (efficiency), per 

2 47 

4 00 

2 15 

2.13 

4 73 

4.08 

5.20 

cent 

87 50 

85 14 

85 38 

83.94 

84.07 

77.81 

73.18 


^ Bekrs, R. L., Recent Developments in Spreader Stoker Firing, Mech. Eng.^ December, 1942, p. 868. 


Table 23-16. Typical Results on Spreader Stokers with Continuous Traveling 

Grates 1 


Tost. 

1 

2 

3 

4 

5 

6 

Evaporation, from and at 212°F, li)/hr 

34,648 

35,116 

44,211 

50,370 

35,189 

46,295 

Carbon dioxide, per cent. 

14 3 

14 2 

13 8 

14 8 

14 5 

14 8 

Flue-gas temp, deg F .... 

513 

521 

566 

581 

520 

569 

Combustible m refuse, per cent . 

4 68 

3 47 

4 99 

3 01 

3 91 

4 08 

Coal as fired, Btu/lb . .... 

10,414 

9,762 

9,917 

9,927 

10,055 

10,179 

Ash in coal, per cent. 

14 50 

16 59 

16 79 

16 08 

14 80 

14 31 

Sulphur, per cent . 

6 72 

7 20 

7.52 

5 48 

6 48 

7 29 

Heat release, Btu/cu ft. 

Losses: 

17,650 

17,400 

23,800 

25,400 

17,750 

23,700 

Moisture, per cent . 

1 82 

2 28 

2 06 

2.30 

2 02 

2.11 

Hydrogen, per cent ... 

4 54 

4 57 

4 62 

4 73 

4 63 

4.29 

Dry flue gas, jier cent 

9 43 

9 80 

11 00 

10 98 

9 72 

10 40 

Combustible in refuse, per cent 

0 57 

0 37 

0 55 

0.38 

0 52 

0 38 

Radiation and unaccounted, per cent 

4 42 

2 59 

6 50 

2 53 

3 96 

4 81 

Heat absorbed (efficiency), per cent 

79 22 

80.39 

75 27 

79.08 

79 15 

78 01 


1 Beers, R. L., Recent Developments in Spreader Stoker Firing, Mech. Eng., December, 1942, 

p. 868. 


for burning any appreciable part of the coal in suspension. A large part of the control 
and attention recommended is manual. Thin fuel beds, 3 to 5 in., are used. Coals 
range from to 13^-in. slacks. Ratings of about 30 Ib/sq ft/hr are a maximum 
without serious emission of fines. 















Table 23-16. Typical Spreader-stoker Results with Various Fuels^ 



Babkley, J. F., The Forced Draft Spreader Stoker, Tram. ASME, May, 1937, pp. 259-265. 
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TRAVELING-GRATE STOKERS^ 

Operation. In both traveling- and chain-grate stokers fuel is fed at the front of a 
moving flat grate by gravity. The fuel is fed in a layer of uniform thickness under a 
gate which can be raised or lowered at will, usually by hand, to vary the ^uel-bed 
depth. The moving grate then carries the fresh coal under an ignition arch (usually 
very short) which serves to distill off the volatiles at a point and in such a manner that 
they Pass over the active fuel bed in their travel through the furnace. Air is supplied 
under the moving grate in sufficient quantities to complete the burning of the fuel 
near the end of the travel of the moving grate. Sufficient secondary air to burn the 
volatiles completely may be introduced over the fuel bed as desired, by various means. 
The moving grate carries ash over the rear edge to an ashpit or disposal means. 

A similar type of grate is used extensively in conjunction with spreader stokers. 
Moving in the reverse of its customary direction, such a grate receives the larger and 
unburned particles of incoming coal, where they are held for surface combustion 
until rejected at the front of the furnace. 

Traveling-grate stokers are used with a wide variety of fuels; most particularly 
with the small sizes of anthracite, coke breeze, and bituminous coals that have 
characteristics of burning efficiently without being disturbed. 

Chain-grate and traveling-grate stokers have the widest applieation of any equip¬ 
ment for the combustion of solid fuels. All ranks of coal, and coke breeze, can be 
burned on such equipment with the single exception of caking bituminous coals. 
They arc the ultimate means of burning the No. 3 buckwheat (barley) and No. 4 
buckwheat sizes of anthracite. 

In principle, both stokers consist of moving grates of the endless-belt type. There 
are two familiar versions of these, f.e., chain-grate stokers (Babcock & Wilcox, Illinois, 
Green of Combiistion Engineering) and traveling-grate stokers (Coxe of Combustion 
Engineering, Harrington of Bilcy, Hazleton). The chain of the chain-grate stoker 
consists of a broad belt, equal in width to that of the inside of the furnace, made up of 
individual links several inches in length. The edges of the links are usually serrated 
to provide free air space for the passage of air for combustion. 

The traveling-grate stoker is similar to the chain-grate with the important difference 
that in traveling grates the actual grate bars consist of small individual castings or 
“keys” carried forward in endless-belt fashion on chains but, unlike the chain-grate 
|-ype, not being in themselves a part of the chain. 

j A characteristic advantage of the traveling-grate stoker is the facility with which 
^burned or broken keys may be replaced without disassembling the chain. 

As all other points of construction are gcncrically similar, the remainder of this 
section applies equally to chain and traveling grates, even though, for the sake of 
simplicity, the term “traveling grate” is used throughout. In this connection it 
should be noted that both types are really traveling grates, with the so-called travel¬ 
ing grates having removable links as distinguished from the chain links of the chain- 
grate type. In order to eliminate the obvious confusion resulting from this similarity, 
it has been recommended that the more explicit term “bar-and-key grate ” be used for 
the travcliiig-grat(i models. However, this suggestion has not as yet been generally 
adopted by the industry. 

Traveling-grate stokers are made in a wide variety of shapes and sizes, in either 
natural- or forced-draft types, to fill the needs of a wide variety of fuels, furnace 
constructions, and operational requirements. In addition to being widely used for 
steaming purposes, they are also a popular source of heat for many special processes 
and methods. 


^ Johnson, Allen J., op , cU , 
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In addition to differences in furnace design, as is treated elsewhere, a principal 
difference between models designed for anthracite and bituminous lies in the free air 
space through the grate. Keys or links about ^ in. in width with 4 to 5 per cent are 
typical of those used for burning No. 3 and No. 4 buckwheat anthracite and river 
anthracite; while somewhat wider and heavier keys, with 8 to 10 per cent of air space, 
are better suited for bituminous coals, lignite, and coke breeze. 

Natural draft is never employed for anthracite and is optional with bitumi|^us if 
the ratings and size are within the range that can be obtained without blast pressure. 



Fig. 23-11. Typical traveling-grate stoker-boiler. Design data: Effective grate area 
424.5 sq ft, active length 23 ft 7 in., width 18 ft 0 in., rear arch, water-cooled side walls. 
Boilers: 10,500-sq ft Stirlings, 450-lb pressure. 

An outstanding advantage of this type of stoker lies in the fact that the air for 
combustion can be carefully regulated and zoned as combustion proceeds. As the 
coal burns progressively from its ignition at the front of the grate to ash at the rear, 
from three to eight or even more wind boxes arc employed to divide the air supply 
into zones for individual control. In extremely large installations, the rear wind box 
is also subdivided longitudinally to equalize the burning out of the tail end of the fire. 

Sizes Available* Traveling-grate stokers have been manufactured in sizes ranging 
from about 15 sq ft to nearly 700 sq ft of grate. The Hazleton and Illinois are well 
adapted to small installations, with the former listing models as low as 25 hp. Mini¬ 
mum grate widths are about 3 ft as combined with almost any desired length. How¬ 
ever, because of the disproportionate per horsepower costs of very small models, due to 
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the almost fixed base cost of drives, frames, sprockets, and other equipment common to 
all models, other types of firing usually prove advantageous under about 50 developed 
hp. At the other extreme, one of the largest traveling-grate stokers so far built is 
located at the Calco Chemical Co., Bound Brook, N.J. This stoker is 24 ft ^wide by 
28 ft long with 672 sq ft of grate. Another outstanding traveling grate is at the 
Cedar Street plant of the Pennsylvania Power & Light Co. in Harrisburg, Pa. It is 
23 ft wide by 25ft long with 586 sq ft of grate. 

It has been authoritatively stated that, with barley anthracite of 12,900 Btu, it 


I50| 
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Fia. 23-lla. Operating curves for Stirling boiler traveling grate of Fig. 23-11. 

would be possible to design and build a stoker to deliver 300,000 lb steam continuously. 
This is given as the present practical limit of size for stokers on anthracite. 

Performance Characteristics. The development of the traveling-grate stoker has 
seen many changes with material improvements in both flexibility and combustion. 
Grate speeds, originally 15 fph, now range from 40 fph to as high as 100 fph. Fuel- 
bed thicknesses have decreased from 6 or 8 in. to a present maximum of 4 or 4in. 
on barley (No. 3 buckwheat) and even thinner on No. 4 buckwheat. Vastly improved 
arch design has stepped up combustion rates from 25 Ib/sq ft/hr to a present practice 
of 35 to 40 lb anthracite (although the art of traveling-grate furnace design has still 
not reached the empirical or formula stage that many engineers would like to see). 
On extremely large jobs where provision for the reuse of flyash and siftings has been 
made, 45 to 50 lb coal per sq ft per hr have been reported (anthracite). 

With the old-type front-arch furnaces, combustible in the ash from barley anthra- 
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cite of 25 to 30 per cent is considered good practice. With the new-type rear arches, 
the combustible in the ash should be as low as 10 per cent. CO 2 of 12 to 14 per cent 
can be consistently carried without CO. 

As to siftings through the grate, Riley states an expectancy of less than of 1 per 
cent of the fuel burned even with the fine sizes of anthracite. 

Selection of Anthracite for Traveling-grate Stokers. The following are the sug¬ 
gestions of George P. Jackson^ for the selection of anthracite for stokers as operating 
under various conditions: 

1. Normal Conditions, From the standpoint of carrying the load efficiency, sizing 
hnd moisture are most important. Whether No. 3, No. 4, or other sizes may be the 
most economical depends on the stoker and furnace arrangement as well as the price 
of the fueL With all anthracite, uniformity of size on the grate means a more uni¬ 
form flow of air through the fuel bed, which is necessary for good combustion and high 
efficiency. Excessive moisture causes trouble in the mechanical handling of the coal, 
resulting in bad distribution on the grate and consequent limited efficiency and 
capacity. 

2. Excessive Load. Sizing and moisture are even more important at high rating 
than under normal load conditions. The softening temperature of the ash and its 
chemical composition arc of greater importance at higher ratings because of the 
higher temperatures in the fuel bed. The presence of an excess of Fe 203 in the ash 
may cause trouble from clinker formation on the grates. 

3. Improper Design of Furnace. If ignition tends to be unstable, coals of higher 
volatile content may help. If the settings with a front arch are low, it is quite prob¬ 
able that a fine sizing of coal, sinffi as No. 4 buckwheat, will not give satisfactory 
results in either efficiency or capacity. Furnace designs should be very carefully 
studied; and, unless space is very limited, a poor design can often be improved, with a 
resulting higher efficiency and capacity. 

4. Insufficient Grate to HeaUahsorhing Area. As far as the stoker is concerned with 
the resulting combustion rates, this item is practically the same as item 2. 

5. Unfavorable Firebrick Conditions. Impurities in the coal and a low ash-fusion 
temperature tend toward higher furnace maintenance. Again, an improper design 
of furnace and improper operation are major factors in furnace maintenance. 

6. Insuffiwient Draft. Lack of sufficient draft to provide a slight negative pressure 
in the furnace will mean high brick maintenance, warped door frames, etc., because 
the pressure will make the hot furnace gases tend to seep out. 

With anthracite and forced draft, lack of the necessary air through the fuel bed 
may be due to insufficient air pressure from the forced-draft fan. This may result in 
excessively high fuel-bed and furnace temperatures. Larger sizes of coal as compared 
with the fine sizes, such as No. 4 buckwheat, would offer a lower resistance to air flow, 
based on the same thickness of fuel bed. A coal containing ash of higher fusion tem¬ 
perature and of a composition such as to form fewer clinkers would also aid in eliminat¬ 
ing trouble from this source. The only real solution to this condition is to make the 
necessary changes so that sufficient draft will be available to enable the holding of a 
slight negative pressure in the furnace and so that sufficient air will be obtained 
through the fuel bed to obtain good combustion and avoid excessive fuel-bed tem¬ 
peratures. This may mean changes in fan equipment, increasing fan speeds, stopping 
setting leaks, etc. 

7. High Cost of Ash Removal. The main factor is the amount of refuse to be 
handled. This is dependent on the percentage of ash in the fuel, together with the 

1 Jackbon, Gsorge P., chief engineer, Combustion Engineering-Superheater, Inc., Consideration in 
the Selection of Coal for Use in Traveling or Chain-grate Stokers, National Association of Purchasing 
Agents Bu22., 1939. 
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amount of fly ash to be taken care of, part of which lodges in the boiler setting, and 
part in the ashpit. Coal low in ash and impurities is desirable from this standpoint. 
Sizing of coal and design of the furnace will be the determining factors in the carry¬ 
over of fly ash. Larger sized coal and a rear arch also reduce the fly ash. 

8. Preheated Air. Preheated air tends to aid ignition, although the usual reason 
for its use with stokers is to lower the gas temperature from the boiler exit to increase 
the efficiency. Maintenance on the stoker grate is only slightly increased where the 
air temperature is kept below 250°F. Above this point, the maintenance increases 
more rapidly because of higher metal and fuel-bed temperatures. Fusion tempera¬ 
ture of the coal ash is a most important point where preheated air is used, but again, 
the composition of the ash, especially where iron is contained in the ash in any form, 
is a factor as well as its fusion temperature. 


Table 23-17. Operating Results on Traveling-grate Stokers with Various Coals^ 


Type of coal. 

Bitumi¬ 
nous 
Ohio, 
No. 8 

Bitumi¬ 

nous 

Iowa 

screen¬ 

ings 

Anthra¬ 

cite 

barley 

-j 

Anthra¬ 
cite 
No. 4 
buck¬ 
wheat 

North 

Dakota 

lignite 

1 

North 

Dakota 

lignite 

Coke 

breeze 

Size of boilers, Ib/hr . 

140,000 

80,000 

50,000 

110,000 

130,000 

56,000 

75,000 

Size of stokers .. 

15' X 21' 

18' X 19' 

10' X 17' 

19' X 24' 

2'9" X 18' 

12' X 18' 

16' X 18' 

Grate area, sq ft 

315 

342 

170 

456 

324 

216 

288 

Ratio Rratc to lb steam 

445:1 

234:1 

294:1 

241:1 

400:1 

260:1 

260:1 

Performance data: 








Lb steam/hr 

121,000 

80,000 

50,000 

82,500 

100,000 

56,000 

75,000 

Efficiency, per cent . 

85 3 

83 3 

78 5 

85.5 

80.0 

75.5 

84.3 

CO2, per cent. 

14 15 

14 2 

14.1 

14.5 

15.0 

14.5 

15.0 

Loss to unburn combustion 

1 07 

1.5 

4.8 

5.0 

1.0 

2.11 

3.6 

Air pressure stoker zone, in 

2 3 

2.5 

3.0 

2.6 

3.2 

3.0 

3.0 

Coal analysis: 








Btu as fired. 

12,960 

9,282 

12,215 

11,500 

6,300 

7,194 

11,000 

Moisture, per cent 

4 44 

15.44 

7 4 

10 0 

39 0 

34 52 

10 0 

Volatile, per cent 

40 00 

32 68 

6 3 

3 0 

27 0 

28 80 

3 0 

Fixed carbon, per cent 

48 00 

32 26 

75 1 

75 0 

27 0 

29.15 

77 0 

Ash, per cent 

Sulphur, per cent 

7 56 

3 19 

18 62 

11.2 

12 0 

7 0 

7.53 

10.0 


1 Harrington Stoker, Riley Stoker Corp. 


Water-cooled Side Walls. The trend toward water cooling in boiler furnaces has 
been increasing during the past 20 years. 

In new installations, burning bituminous coal, water walls and water-cooled arches, 
if arches are used, are installed in a large number of boilers. With the modern rear- 
arch setting, water-cooled walls have been very satisfactory in materially reducing 
maintenance on the brickwork, and also in reducing temperature of the furnace gases 
before they enter the boiler tubes. This reduction of temperature tends to reduce the 
slag formation in the boiler. Some older furnaces have been changed over to partial 
water cooling with good results; but, where this change is contemplated, considerable 
thought should be given to its effect on ignition. 

Because the ignition is less stable and maintenance is generally lower when burning 
anthracite, water-cooled walls have been installed in comparatively few anthracite- 
burning furnaces. 

Conversion of Front-arch to Combination-arch Design. In a number of instances, 
front-arch settings have been converted to combination arches by the addition of 
short rear arches. The general result has been to lessen the fly-ash carry-over, reduce 
the excess air at the rear of the furnace, and improve the efficiency somewhat. A 
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study must first be made to determine whether the necessary space is available and 
whether local conditions justify its cost. 



Combustion rote, Ib/sq ft/hr 


Fig. 23-12. Typical traveling-grato efficiencies with various fuels, based upon a constant 
exit-gas temperature of 500°F. {de Lorenzi^ OttOy Combustion Engineering,” Combustion 
Engineering-Superheater, Inc,, New York, 1947.) 


The Principle of Modulating Automatic ControP 

The modulating control of stokers has been common practice for many years in 
large industrial applications where sustained high efficiency and economy of operation 
are of vital importance. In certain localities, modulated control has become com¬ 
pulsory for all stokers of certain capacities and over. This method of operation and 
control ensures sustained high efficiencies and elimination of smoke by material 
improvements in the operating conditions. 

A modulating control is an automatic device which operates from steam-pressure 
changes to cause a regulator or actuator to move in the desired direction to increase 
or decrease the rate of feed of both fuel and air in small increments. As the load on a 
boiler increases or decreases, it is reflected in an increase or decrease in boiler pressure. 
The modulating control then acts to change the coal and air feeds slightly until the 
heat output from the fuel comes into balance with the boiler load. In addition, 
furnace temperatures and operation are leveled off at optimum efficiency. 

A modulated stoker installation should be equipped with automatic control of the 
uptake damper, operated from furnace draft changes so as to maintain a predetermined 
constant rate of furnace draft. 

In larger plants more complex systems of control are sometimes employed. 

1 “Smoke,” Perfex Corp., Milwaukee, Wis., 1947. 










PULVERIZMD-COAL FIRING 


PULVERIZED-COAL FIRING 

Among the more important advantages of firing coal in pulverized form are: 

1. Ability to carry higher continuous CO 2 thaiji many other types of firing. In 
most cases, this can be accomplished by mere regulation and adjustment. 

2. Virtually impossible to make CO, even with very high CO 2 (16 per cent). 

3. Utilizes practically all the available furnace volume. 

4. Close control over shape and distribution of the flame. 

5. Close control over the fire during changes in the load. 

6. Low banking losses. 

7. More or less uniform temperature distribution throughout the furnace. 

8. Ability to handle overloads. 

9. Ash cleaning is infrequent and more nearly automatic than in many firing 
systems. 

10. Preheated air can be used more advantageously. 

11. Radiation and unaccounted losses arc lower because of increased cooled-wall 
surface. 

12. Wider selection of fuel, and easier change from one to another. 

13. General saving in labor. 

14. Maintenance is usually lower. 

15. Larger unit sizes are possible. 

Pulverized-coal Burners 

The function of the burner for pulverized coal, according to de Lorenzi,i is as 
follows: 

1. Stability of ignition 

2. Effective adjustment for control of ignition point and flame shape 

3. Completeness of combustion 

4. Uniform distribution of excess air and temperature leaving the furnace 

5. Freedom from localized slag deposits 

6. Protection against overheating, internal fires, and excessive wear in the burner 

7. Accessibility for adjustment and maintenance 

The velocity of flame propagation is directly affected by the ratio of primary air, 
as indicated in Fig. 23-13, To prevent combustion in the burner and in fuel piping, 
the velocity of flame propagation must be less than the velocity of the air-fuel mix. 
If the stream velocity beyond the burner is too great, ignition will occur too far 
beyond the burner. The burner should be fully adjustable so that the velocity of the 
air-fuel mix is maintained almost constant over the range of operation. If these 
conditions are met, ignition will always be stable and the flame will start just beyond 
the burner nozzle. 

The ratio of primary air to total air is dependent on such factors as the grindability 
of the coal and the amount of load. For instance, while the primary air will be 10 
per cent for full load, it will be as high as 30 per cent for partial load. 

Completeness of combustion is a function of: 

1. Uniform distribution of fuel and air 

2. Turbulence imparted to the fuel and air mixture 

3. Quantity of excess air 

4. Type of firing employed 

5. Fineness of pulverization 

The relative loss due to unburned carbon in the refuse as affected by several of 
these factors is shown in Fig. 23-14 and 23-15. 

1 DB Lorbnzi, Otto, op. cit., pp. 8-1-8-25. 
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Fia. 23-13. Inflammability curves for mixtures of pulverized coal and air. The air 
transporting the pulverized coal to the burners is also the burner primary air. This 
primary air is generally only 10 to 30 per cent of the total air required for combustion. 
Consequently the air-fuel values of the curve are very low. (de Lorenzi, Otto, “ Comhuation 
Engineering ” Isf ed,, Combustion Engineering-Superheater, Inc., New York, 1947, p. 8.3.) 



Per cent excess air supplied 
through burners 


Fig. 23-14. Relation between combustible 
loss and excess air as influeiKjed by turbu¬ 
lence. (de Lorenzi, Otto, ''Combustion En¬ 
gineering, 1«< ed., Comhuation Engineering- 
Superheater, Inc., New York, 1947, p. 8.4.) 



Fineness per cent through 200 mesh 

Fig. 23-15. Relation between com¬ 
bustible loss and fineness of pulveri¬ 
zation. (de Lorenzi, Otto, “ Com¬ 
bustion Engineering, \st ed.. Combus¬ 
tion Engineering-Superheater, Inc., 
New York, 1947, p. 8.4.) 


Methods of Firing 

In general, there are three methods of firing, vertical, horizontal, and tangential. 
Other types and combinations are modifications of these basic types. Usually, for 
smaller units, the horizontal circular burner is used, although this type is also used for 
larger capacities. 




Table 23-18. Comparison of Pulverized-coal Burners 
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In vertical firing, both the fantail and the multiple-intertube burners are used. 
The fantail or flat burner consists of a long narrow nozzle through which pass the 
primary air and fuel. Surrounding the fuel nozzle is a passage through which the 
tertiary air passes. Secondary air is admitted through ports in the furnace wall 
(see Fig. 23-16). 

In horizontal firing, both the multiple-intcrtube burner and the horizontal circular 
burner are used. 




Ploo view of furnace 
Tangential firing 



Multiple Intertube 


Secondary air -n 
and coal | 



Secondary air 

CIrcutor 


Horizontol firing 

Fig. 23-16. Pulverized coal firing. Diagrammatic sketches of the elements of the 
burners generally used in medium- and large-sized steam-generating installations. 


The multiple-intertube burner (Fig. 23-16) consists of a number of nozzles placed 
between furnace tubes through which pass the fuel and primary air. Ports placed 
above and below or to the sides of the nozzles admit secondary air. 

The horizontal circular burner has virtually the same components of the oil burner. 
In fact, these burners arc well adapted to the combustion of gas, oil, or coal, singly 
or in combination, depending on the economics or the availability of the fuel. Coal 
and primary air are fed through a central nozzle, as indicated in Fig. 23-17. In some 
designs the inside of the nozzle surface is rifled to give turbulent swirl and good 
mixing of the primary air and coal. Usually a deflector or impeller is provided at the 
nozzle tip to help locate and shape the flame. The secondary air enters radially 
through a set of vanes which gives the stream of air a rotary motion. This spinning 
air enters the furnace around the nozzle which produces high turbulence and intimate 
mixing of the coal and air. Adjustment of the secondary-air vanes helps produce 
changes in the flame shape. 

'The horizontal cyclone^ burner, illustrated diagrammatically in Fig. 23-18, is 
designed to burn crushed coal having high-fusion ash. Tests indicate that a rela- 

1 Grunsbt, a. E., L. Skoo, and L, S. Wilcoxson, “ The Horizontal Cyclone Burner,” annual meeting, 
ASME, New York, December, 1946. 
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lively wide range of volatile can be handled, but there is probably a low limit of 
volatility below which ignition and maintenance of combustion might present diffi« 
culties. Ash-fusion temperature should preferably be below 2500®F. 

Coal, crushed to pass through 4-mesh size, and air at 450®F are introduced tangen¬ 
tially at 30 to 40 in. water pressure to the cyclone burner. SuflSciently high tem¬ 
perature must be maintained in the burner so that the low-fusion-temperature ash 



Fig. 23-17. Horizontal circular burner for oil and coal. {The Babcock & WUcox Co.) 

is in a molten state. The whirl in the chamber throws the liquid slag outward so 
that the inner chamber surface is covered with slag. This covering collects coal and 
coke, which is swept by high-velocity air, and is burned. The burner is tilted so that 
molten slag flows down to the continuous slag tap. From tests, it has been found 
that approximately 80 per cent of the ash is caught as slag in the burner. 

In tangential firing, as indicated in Fig. 23-16, burners are placed at each corner of 
the furnace. They are so directed that the center lines of the streams are tangent to 



a small circle at the center of the furnace. These can either be single fuel nozzles or 
have multiple nozzles placed in a vertical row. Auxiliary air is introduced above and 
below the fuel nozzles. 

For more details on the pulverized-coal burners, consult with Combustion Engi¬ 
neering-Superheaters, Inc., New York; Babcock & Wilcox Co., New York; Peabody 
Engineering Corp., New York; Riley Stoker Corp., Worcester, Mass.; Erie City Iron 
Works, Erie, Pa.; and others. 







Table 23-19. Performance and Cost Comparisons for Various Types of Coal^ 
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Foster Wheeler Corp. 
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Table 23-20. Comparative Operating Cost of Continuous-tjrpe Steel-billet-heating 

Furnace^ 

(Conditions: Heating value of coal = 14,000 Btu/lb. Heating value of natural gas = 1,050 Blju/cu ft) 


Fuel used. ... 

Natural 

gas 

Pulverized 

coal 

Fuel cost (as of 1944) i>cr million Btu, cents 

32 66 

20 64 

Power cost/kwhr, cents . . . 

0 80 

0 80 

Operating cost/net ton of steel: 



Fuel ... . 

SI 672 

$1 030 

Power ... . 

0 039 

0 199 

Raw-coal conveying. 


0 007 

Maintenance and supervision 


0 047 

Total operating cost/net ton steel 

$1 711 

$1,283 


1 At Babcock & Wilcox Tube Co., Beaver Falls, Pa. 

Table 23-21. Average Rate of Fuel Consumption by Representative Pulverized-coal- 

fired Furnaces^ 

(Conditions: Heating value of coal = 13,500 Btu/lb. Heating value of natural 
gas = 1,000 Btu/cu ft. Heating value of fuel oil = 149,420 Btu/gal) 



Rate of fuel consumption 

Typo of furnace 

Pulverized 

Equivalent ratio 


coal, lb/ 
net ton 
metal 

Natural gas, 
cu ft/net ton 
metal 

Fuel oil, 
gal/net ton 
metal 

Malleable-iron melting furnace". 

Malleable-iron annealing ovons^ 
Continuous-type billet-heating furnace" 

Cement kilns" 

Copper smelting** 

760 

500 

254 

128 

333" 

10,260 

6,750 
3,430 
1,728 
4,496 

68 8 

45 2 

23 0 , 

11 6 

30 1 


^ Sheiiban, D. V , Development and Application of Coal-pulverizing and Burning Equipment for 
Industrial Furnaces and Steam Generation, Bull. 3-392, pp. 18'2(), Babcock & Wilcox Co., New York 
(adapted fiom Federal Power Commission Report of Natural Gas Investigation, Docket G-580). 

“World Power Conference, 1928. 

American Foundry men’s Association, 1942. 

<■ Portland Cement Association. 

Field record. 

« Average per net ton of charge. 

Performance and Operating Costs of Various Fuels 

The efficiency of steam-generating units is largely governed by the design of the 
units to whi(;h they are applied. The curves of Fig. 23-19 show spread and variation 
over capacity range, normally encountered with the principal classes of units to 
which pulverized coal is applied for steam generation. 

Table 23-19, tabulated by Frisch,' compares the burning of various types of coal 
w ith various types of equipment. 

Tables 23-20 and 23-21 show pulverized-coal performances for various industrial 
furnaces. 2 

1 Frisch, Martin, Direct Firing of Pulverized Anthracite Silt, Bull. BP-41-17, p. 16, Foster Wheeler 
Corp., New York, 1941. ^ 

* Sherban, D. V., Development and Application of Coal-pulverizing and Burning Equipment for 
Industrial Furnaces and Steam Generation, Bull. 3-392, pp. 18-20, Babcock & Wilcox Co., New York 
(adapted from Federal Power Commission Report of Natural Gas Investigation, Docket G-680). 
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- 'Large units with air heaters 
and^r economizers 

" Medium and small size units 
with air heaters only 


Per cent of rated capacity 


Fig. 23-19. Variation of efficiency vs, capacity range for pulverized coal for steam gener¬ 
ation. (de Lorenzi, Otto, Combustion Engineering, Ist ed., Combustion Engineering-Super¬ 
healer, Inc,, New York, 1947, p, 8.24.) 


Table 23-22. Operating Results for Typical Slag-tap Furnaces^ 


Company 

Date 

built 

Max 

steam¬ 

ing 

rate, 

Ib/hr 

Max 
heat 
re¬ 
lease, 
Btu/ 
cu ft 
/hr 

Satis¬ 
fac¬ 
tory 
tap¬ 
ping 
cu ft 
/hr 

Fusion 
point 
of ash, 
deg F 

Type of 
furnace 

Main¬ 
tenance 
cents/ 
ton of 
coal 

Appalachian Electric Power Co .. 

1931 

355,000 

19,950 

14,000 

2800 

Water-cooled 

0 5 

Buffalo General Electric Co 

1931 

560,000 

35,700 

6,900 

2100-2500 

Water-cooled 

0 6 

Deepwater Operating Co .. 

1929 

320,000 

18,200 

18,200 

2450 

Water-cooled 

4.8“ 

E. I. du Pont de Nemours & Co.. . 

1936 

75,000 

25 300 

11,800 

2200 



Firestone Tire & Rubber Co .. . 

1935 

350,000 

24,100 

10,300 

2100-2200 

Water-cooled 


lowa-Nebraska Light & Power Co 

1935 

160,000 

31,750 

15,880 

2100-2200 

Water-cooled 


New York Power & Light Corp . 

1932 

350,000 

33,400 

23,900 

2300-2400 

Water-cooled 


Northern Indiana Public Service 








Co. 

1930 

345,000 

31,800 

22,200 

2300 

Water-cooled 

5 6fc 

Ohio Power Co. 

1931 

320,000 

29,000 

20,000 

1900-2100 

Water-cooled 

2.0 

Philadelphia Electric Co. 

1935 

600,000 

30,000 

30,000 

2300 

Water-cooled 


Potomac Electric Power Co ... 

1933 

375,000 

35,000 

28,000 

2500-2600 

Water-cooled 


Public Service Co. of Northern Ill 

1930 

300,000 

26,500 

22,100 

2100 

Water-cooled 


Public Service Co. of Northern Ill. 

1931 

500,000 

27,200 

19,000 

2100 

Water-cooled 

0 9 

Sinclair Refining Co., Plant A , . . 

1930 

120,000 

30,000 

15,000 

2300 

Block 

2.5 

Sinclair, Refining Co., Plant B.... 

1931 

150,000 

32,000 

21,300 

2400 

Block 

1 8 coke 

Super Power Co. of Illinois. 

1930 

45,000 

27,400 

16,800 

1950 

Water-cooled 

2 5 


1 Gauger, “ Symposium on Significance of Tests of Coal,” ASTM, 1937. 
® 4-year average. 

^ Boiler and furnace. 


INCREASING THE STEAM CAPACITY OF EXISTING 
STOKER INSTALLATIONS 

Ollison Craig' suggests the following expedients for increasing tlic steaming capacity 
of existing stoker and pulverized-coal-fired plants: 

In the case of chain-grate or traveling-grate stokers, capacity can be increased by 
increasing the stoker length. This involves increasing the length of the furnace and 
additional expense for furnace construction. 

Multiple-retort underfeed stokers can be increased either in width or in length. 
The width can be increased by adding additional retorts at the sides, involving some 
furnace reconstruction, except in cases where the removal of corbeling will permit the 
addition of one or more retorts without disturbing the side walls. In case the stoker 
length is increased, the furnace will have to be changed. 

Changing from an intermittent-dump arrangement to a continuous ash discharge 
or clinker grinder is equivalent to lengthening multiple-retort underfeed stokers, since 
the area over which coal can be burned as a live fuel bed is iifbreased. The flexibility 

* Craig, Ollison, Meeting Wartime Fuel Problems, Mech. Eng., vol. 64, No. 10, p. 697, October, 
1942 . 
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of operation is also improved because of greater independence of clinkering properties 
in the fuel. 

Single-retort stokers cannot be increased much in coal-burning capacity by increas¬ 
ing furnace width, since the installed retort has a fixed width, and no additional retort 
can be added. Some benefit can be obtained by increasing the length of the side 
grates, although the effective burning rate over these grates is less than over the 
retort. 

If the single-retort stoker is of the sectional-retort type, it then becomes quite 
simple to increase the length of the stoker by adding a section between the two ends. 

Additional water-cooled boiler surface improves capacity by increasing the absorp¬ 
tion of the boiler and by improving combustion efficiency through the reduction of 
clinkers (the latter in cases where the additional surface reduces the furnace tempera¬ 
ture). Usually the least expensive addition of such water-cooled surface can be had 
by placing water tubes over the bridge wall. Otherwise it may be necessary to replace 
the side walls of the furnace with water-tube areas. 

The furnace volume, size, or even shape may be the limiting factor in a determina¬ 
tion of maximum capacity. If so, it will be evidenced by smoke leaving the stack. 
Usually it is not feasible to increase the size of the furnace, but the lack of size can be 
compensated for by the use of overfire air introduced into the furnace at a short 
distance above the fuel bed. If this air is properly introduced in a large number of 
small jets and at sufficient pressure to penetrate the gas streams a sufficient distance, 
turbulcuice will ociuir in such a way as to bring combustible gases into intimate mix¬ 
ture with free oxygen, and combustion of these gases will be completed before entering 
the tube bank.^ 

Such overfire air is of use for underfeed, traveling-grate, and spreader stokers. A 
fair average requirement for overfire air is 15 per cent of the total air for combustion, 
this air having a pressure of 10 in. at the nozzles. A separate fan for blowing this air 
in is desirable. The diversion of air from the forced-draft system is possible but 
usually proves ineffective because of the lower air pressures. 

Changes may be made in furnace shapes by means of arches or changes in arches 
both for purposes of promoting ignition of incoming fuel and for mixing the gases. 
Properly designed arches produce gas turbulence in the furnace, aid in completing 
combustion, reduce the necessity for overfire air, and, because combustion is com¬ 
pleted in a smaller space, promote increased capacity. 

Free-burning Middle Western coal ignites rather easily and is not so dependent 
upon arch construction for radiation of heat for ignition. More open furnaces can 
be used, but with open furnaces it is quite essential that overfire air be used for mix¬ 
ing and for turbulence. Eastern coals do not ignite so easily, and more consideration 
must be given to arch design in order to radiate heat onto the incoming coal. 

Lack of air or lack of draft frequently restrict capacity. These restrictions may be 
due to deficiency of forced-draft or induced-draft fans. Capacity frequently can be 
increased by operating the fans at a higher speed; otherwise larger diameter wheels 
or even new fans will be necessary. 

Lack of draft capacity, with positive furnace pressures and resultant higher tem¬ 
peratures and clinker, is frequently the result of baffle design. A row of baffle tile 
can often be removed without affecting the final flue-gas temperature. The areas of 
passageways between baffles should be carefully studied to make sure there are no 
restrictions and that the areas decrease in the direction of gas travel, approximately 
in proportion to the reduction in gas volume. 

Other points to check in connection with draft include the sharpness of turns, 


* See also overfire air under Spreader Stokers. 
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pressure drops at bends, and the design of the connection between the boiler and the 
stack. 

INCREASING THE CAPACITY OF EXISTING PULVERIZED-COAL 
INSTALLATIONS 

Many of the older pulverized-coal-fired boilers still have all-refractory furnaces, 
operate on natural draft, and are subject to restrictions just described for stoker-fired 
installations. In many of these cases similar remedies apply. 

Frequently there are possibilities for very great increases in capacity through the 
replacement of all-refractory furnaces with water-cooled surfaces. As such furnaces 
are usually large, increased heat release seldom causes combustion rates to exceed 
practical standards. 

The pulverizer itself may constitute a definite limit to the capacity which can be 
obtained. A pulverizer with just capacity for grinding the requisite coal of 100 
grindability will be deficient if required to grind coal having a lower grindability 
number. Wet coal will also reduce the capacity. The latter may involve supplying 
air to the pulverizer at a higher temperature, supplying hot gas to the pulverizer from 
the furnace, or even installing a drier. 

Excessive water-cooled surfaces may have an adverse effect on pulverized-coal 
capacities. Complete water cooling, to various dcigrees, causes an increase in 
unburned carbon, with free-burning Middle Western coals being loss affected than 
Eastern coals. This carbon loss is often tolerated as being a compromise between the 
minimum-carbon-loss all-refractory furnace of prohibitive first cost. Complete water 
cooling may also affect stability of ignition and range of load that can be carried. 
In such cases it may be necessary to apply refractory to the water-cooled walls. 

Increased capacity can frequently be obtained by substituting pulverized-coal 
firing for multiple-retort underfeed stokers. This involves redesign of the furnace, 
usually accompanied by the addition of some water walls. 

Increasing Steaming Capacity through a Reduction of Clinker and Slag 

The limiting factor in steam output is frequently ash clinkering and perhaps slag, 
particularly in boilers designed for other fuels such as oil and converted to either 
stoker or pulverization. In such cases, E. G. Bailey^ suggests that increased capacity 
may be obtained at some sacrifice in efficiency by running with excess air higher than 
normal, at least up to the capacity of the fans and draft equipment. 

An alternate method for increasing capacity below the point of clinker or slag is to 
cool certain portions of the furnace, where troublesome slag would form, by introduc¬ 
ing flue gases from the boiler outlet. This is more efficient and is usually more 
economical than is the cooling of a furnace by excess air. It is used in many processes 
in the petroleum-cracking industry and in superheaters for synthetic rubber, where 
steam is to be heated to 1400°F. 

Troublesome clinkers, caused by high combustion rates, have also been alleviated 
by water-cooled grates and air-coohid refractory walls, although the results are likely 
to be less than desired. 

One remedy for clinkor in a stoker fuel bed is to provide means whereby the fuel 
bed can see more water-cooled surface. More heat will thus be radiated from the 
fuel bed, with lower bed temperatures permitting higher combustion rates to bo 
carried without troublesome clinker. 

One way of exposing more water surface, suggested by Ollison Graig, is to change 
the shape of the bridge wall so that more of the length of the first row of boiler tubes is 
exposed (see Fig. 23-20). 

In the case of old plants having straight-tube boilers with C tile on the bottom row 

^ BailsY, E. G., Coal Follows Through, Mech, Eng., November, 1942, p. 771. 
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of tubes, the same effect will be produced if the C tile arc replaced with T tile in the 
second or third row of tubes. Heat will be radiated to the lower rows of tubes to 
allow a higher rate of combustion to be carried befoife clinkering is encountered. 

Temperature Limitations in Special Furnaces. According to Bailey, metallurgical 
and ceramic furnaces requiring temperatures below 2000°F may use almost any coal 
without any slagging difficulty if burned with an oxidizing flame. Temperatures up 
to 2500 to 2600°F may be attained by selecting coals having ash of very high fusing 
temperature. 



Fig. 23-20. To correct clinkering condition, bridge wall was moved to a position exposing 
greater length of first row of tubes. 

Slagging in Flat-bottom Pulverized Furnaces. In older pulverized installations, 
the furnace bottoms were flat and ash was removed through cleanout doors at the 
operating-floor level. If required to burn low-fusion coal or to burn more coal, the 
ash on this bottom fused into a solid mass, because of the short distance from the 
underside of the flame to the floor. According to (^raig, the solution is to move 
the floor farther from the flame by excavating to a lower level. 
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OIL PREPARATION 

The equipment necessary for the preparation of fuel oil for combustion is con¬ 
siderably less complicated than that necessary for coal (but more complex than for 
gas). Bunker C, No. 6 oil, and in some cases No. 5 oil, requires preliminary heating 
and straining before the pump. Following the pump, additional heating is required 
to secure the desired viscosity for the burner, along with a final straining (see Fig. 
24-10). 

Oil Heaters 

Types. The tube-and-shell construction, the general details of which are shown 
in Fig. 24-1, is the type usually used. Other types also applied to oil-heating appli- 


on 

outlet Steam 

inlet 



Fio. 24-1. Shell-and-tube heater. (Schutte & Koerting Co.) 


cation are the U tube, the coil tube, and the extended surface (fins secured to the tubes) 
designs. 

The heating' fluid used is generally live steam, although sometimes hot water is 
used. Whether the steam goes through the tubes or around depends on the designs 
mentioned. 

While the heaters are in operation, cani must-be exercised to (uisure that the heaters 
arc drained to prevent the accumulation of coiidtuisate which will blanket the tubes 
and prevent heat transfer. When the heaters are idle, they must be drained, or 
corrosion will increase. 

Where the condensate is returned to the boiler hot well, prce,autions must be taken 
to ensure that oil <ioes not leak into the steam side of the heater and subsequently get 
into the boiler feed water. (Oil in the boiler brings about the possibility of tube 
burnout.) To check for oil leakage, fittings can be installed on the heater drain lines, 
so that samples of the drains can be taken at frequent intervals. Some authorities 
suggest that, to avoid the danger of oil in the feed water, all the heater drains be sent to 
waste. 

Viscosity. In order to have sufficient fluidity to pump to storage or from storage 
to the final heating, a viscosity of 700 seconds Furol is generally used. If the oil 
characteristics are not available, a temperature of about 100°F can be used for lack 
of better information. For mechanical atomization, the viscosity of 150 to 180 
seconds Saybolt Universal (temperature about 220°F) depending on the equipment, 
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is utilized. For steam atomization, the viscosity of 300 to 400 seconds Saybolt 
(temperature about 185°F) is utilized. 

The oil should be heated only to the temperature 'tequired for the necessary vis¬ 
cosity. Overheating causes the oil to break down and deposit carbon on the heater 
surface. This carbon deposit greatly inhibits heat transfer. 

Heat Required. An approximate expression for the amount of steam required to 
heat fuel oil is as follows: 

^ _ 3.6 X O X {To - Ti) 

^ ” HA 

where Q — \h steam/hr 

HA = heat abstracted from steam, Btu/lb 
G = gal oil heated/hr 
To = temperature of oil at outlet 
T% = temperature of oil at inlet 

Oil Strainers 

Purpose. In order to eliminate particles of foreign matter from the fuel-oil lines, 
strainers arc employed. A common type of duplex basket strainer is shown in Fig. 
24-2. 



Fig. 24-2. Duplex basket strainer. (Schutte & Koerting Co,) 


Strainers should always be installed in duplicate so that one strainer can be cleaned 
while the other is in operation. The arrangement should be such that the cleaning 
operation can l>c accomplished without interrupting service. This can be done with 
the duplex strainer shown. 

Location. In order to protect the pump, a coarse strainer of about 8 mesh is 
installed on the suction of the pump. Having a mesh too fine on the suction is not 
desirable, since it has a high resistance to the relatively cool oil, sometimes causes loss 
of suction, and strains the pump. 

A finer mesh strainer, about 24 mesh, is installed between the pump and the heater 
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to remove the finer particles before the fuel oil is delivered to the burning equipment. 
Sometimes the strainer is located on the discharge of the heater. 

INDUSTRIAL OIL BURNERS 

Oil-burner Function. It is the function of the burner: (1) to convert the stream of 
liquid fuel into a finely divided or atomized state and project the fuel oil into the com¬ 
bustion chamber and (2) to have sufficient turbulent mixing to carry away vaporized 
oil from fuel droplets and supply fresh oxygen to the remaining uncracked or unhy- 
droxylized oil. 

FUme Shape and Characteristics. In general, there are two flame shapes, the flat 
flame and the hollow-conc flame. The flat flame is seldom used. Since the flame 
is difficult to penetrate with the requisite amount of air, it is mandatory to bring the 
air through chcckerwork in the furnace floor. This construction permits only one 
row of burners, and hence the furnace heat output is restricted by its width. Further¬ 
more, when forcing this type of flame, it is difficult to secure penetration of the air to 
the top of the flame and combustion is incomplete. Use of the flat-flame burners is 
restricted to units of moderate capacity and small load fluctuations. The hollow 
conical flame is the type in general use. It has the highly desirable characteristics 
for efficient operation; z.e., it is soft, short, and bushy and hence is readily penetrated 
by the combustion air. Because of the conical shape, air can penetrate on 360 deg 
around the cone, whereas the flat flame can secure its air from the bottom side only. 

Atomization. A number of methods of producing the fine particles of oil are in 
general use (see Table 24-1). 

1. Mechanical atomizer 

а. Straight pressure type or straight mechanical type 

б. Straight pressure type having a return flow, or the wide-range atomizer 

2. Auxiliary-fluid type 
a. Steam atomizer 
h. Air atomizer 

3. Rotary-cup atomizer or spinning cup 

Air-mixing Equipment. The air-mixing equipment consists of, in general, the air 
register, the diffuser, and the refractory throat. The function of the air register is 
to control the velocity and the direction of the air steam, wrap the air around the 
flame, help impart a rotation around the longitudinal axis of the flame, and provide 
turbulent mixing of air and oil. The function of the diffuser is to impart a flow of 
air around the oil particles and also to guide air along the flame. The function of the 
refractory throat is to hold the air around the flame. The mixing of the oil mist and 
the air is usually accomplished in this throat. Radiation from the refractory throat 
assists combustion. 

Natural and Forced Draft. General construction details of the oil nozzle, air 
register, diffuser, and burner throat do not differ in the forced- and natural-draft 
application. For mechanical or steam atomization, only the nozzle details differ. 
However, some of the details of the air register for forced draft might have to be 
modified because of the mechanical limitations of the wind box surrounding the air 
register. The advantage of forced-draft operation is the control of a wider air-range 
variation. The pressure range of natural draft is a matter of only tenths of inches of 
water; the pressure range of forced draft is a matter of inches of water. Forced-draft 
operation also offers the advantage of using preheated air. Use of preheated air 
promotes better combustion. 

Atomization—Mechanical Atomizers 

Straight Pressure Type. In this type, all the oil entering the nozzle is sprayed into 
the furnace. Illustrated in Fig. 24-3 is a straight pressure mechanical fuel atomizer. 
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Fig. 24-3. Straight-pressure-type mechanical atomizer. Under suitable pressure and 
temperature the fuel oil is forced through the orifice in mist form. All of the oil going to 
the tip passes to the furnace. {Schulte Sc Koerting Co.) 



Rear view of sprayer 
plate showing tang¬ 
ential slots 


Fig. 24-4. Straight pressure metjhanical atomizer. Oil in passing through sprayer-plate 
tangential grooves is given rotary motion l)efore it passes out through orifice in the form of 
spray. {Todd Shipyards Corp.) 


Whirling 

chamber 
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Sprayer plate 
nut 

/ Oil return 
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\ Orifice / / / / 


/ Tangential/ y passage / 
/ slats / / / 


fNozite body 


Atomizer barret 









Oil leases orifice in 
form of a hollow conical \ 

spray each particle fallowing v 
a dieergent path ‘ ) 


Note thinness of oil wall heroi 
only the oil to be burned passes 
through this orifice,remainder 
is returned to tank or pump 
sucfion ^os indicated by arrows 


( Oil supply \ 
v underpressure 

\ \ path of Now \ondat proper 

of Oil wall bersi . 

all the ml passes \ 
through this an fice 
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Not low core 
due to action 
of whirling mf 


Fig. 24-6. Mechanical atomizer, return-flow type. Oil forced through the center tube 
passes into the whirling chamber. According to the demand, the oil is proportioned by the 
return pressure. Some of the oil passes through the orifice, and the remainder goes back 
through the return-oil passage. {Todd Shipyards Corp.) 
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The burner nozzle attached to the burner tube consists of three parts, body, tip, and 
spiral. The fine-pitch spiral gives the oil a rotating motion which causes it to dis¬ 
charge in a finely atomized cone-shaped spray, which promotes efficient combustion 
when mixed with the proper amount of air. The burner is locked securely into the 
holder socket when the clamp is in the horizontal or service position. In order to 
remove the burner, the clamp must be swung down to a vertical position below the 

tube. To do so, the cock wrench must be turned 
down, cutting off the flow of oil from the supply line 
to the burner. It is therefore impossible to remove 
the burner proper without first shutting off the 
supply oil. 

Another type of straight pressure mechanical 
atomizer is shown in Fig. 24-4. The work of break¬ 
ing the fuel oil into the form of small particles is 
accomplished mainly by the sprayer plate. The 
sprayer plate (Fig. 24-4) consists of a whirl chamber 
to which the oil passes by way of four nearly tangen¬ 
tial slots. Passage of the oil under pressure through 
these grooves causes the oil to rotate in the central 
chamber, from which it passes to the orifice, leaving 
the latter in the form of mist. 

Straight-pressure-t 3 rpe Atomizer—Return Flow. 
Illustrated in Fig. 24-5 is a burner of the straight 
pressure type having a return flow. Oil at proper 
viscosity and constant pressure is pumped through 
the central passage where it passes into a whirling 
chamber from which it passes through the orifice 
plate. However, only that quantity of atomized oil 
which is required to satisfy the demand of the load 
goes into the furnace, the remainder being permitted, 
by varying the pressure on the return line, to flow 
back to the return line from the burner. 

Another straight pressure type with return flow is 
the burner shown in Fig. 24-6. In this type, oil 
under pressure is fed to the tangential slots through 
the annular groove. The pressure drop across the 
slots is converted into velocity, causing the oil to 
enter the whirling chamber tangentially at very high 
speed, thus establishing a rapid rotation of the oil 
in the whirling chamber. Under the action of centrifugal force the oil flies outward 
as it leaves the orifice. Oil not required for combustion demands is returned through 
the center passage. 

Operational Range—Mechanical Atomizers. Even with pressure changes of 200 
psi the straight pressure burner of Figs. 24-3 and 24-4 has a satisfactory operating 
range of only or at best 2:1. Characteristic curves of this type of burner are 

shown in Fig. 24-7. Reduction of pressure below 50 psi produces poor atomization 
and other unsuitable operating characteristics. Consequently the straight pressure 
type is best suited for relatively constant loads. With decreasing loads, it is neces¬ 
sary to substitute smaller sprayer plates or to cut down on the number of burners in 
service. Sprayer-plate replacement takes time and interrupts boiler output. When 
burners are cut in or out of service, poor air distribution results, along with unbalanced 
use of the furnace volume. 


Tangential 
stats X 




Fig. 24-6. Mechanical atom¬ 
izer, return-flow type. Oil is 
fed to the tangential slots 
through the annular groove, 
and is given a rotary motion in 
the whirling chamber due to the 
tangential slots. Oil required 
for combustion passes through 
the orifice, and the remainder is 
returned (as indicated by the 
arrow) through the center pas¬ 
sage. {Peabody Engineering 
Corp.) 
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At 150 seconds Soybolt universal 



Pressure * pounds per sq in. 

Fig. 24-7. Hourly quantities through "‘Hex-Press’* mechanical burner tips (straight 
pressure type). Tip nomenclature: the letter X indicates a plate with a flat leaving face; 
the first two digits before the letter indicate the drill size used in making the orifice; the 
two digits after the letter indicate the ratio of the combined cross-sectional area of the slots 
to the area of the orifice. {Todd Shipyards Corp*) 



Pressure in return line-psi 

Fig. 24-8. Hourly quantities through “Veo-ceo” mechanical tip with return flow. {Todd 
Shipyards Corp.) 
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Various methods have been devised to overcome these limitations and increase the 
usable range of the mechanical atomizing burners. The return-flow nozzle shown in 
Pig. 24-5 permits wider operational characteristics, as indicated in the characteristic 
curve of Fig. 24-8. 

The nozz^ of Fig. 24-6 has its return pressure maintained so that there is a constant 
differential between the supply and return pressure, as indicated in Fig. 24-9. This is 
accomplished by means of a spring-loaded diaphragm valve, or a pump, as indicated 
by Fig. 24-10. lianges on the constant-differential valve as high as 14:1 have been 

claimed for actual operation; 10:1 ranges 
are not uncommon; but in ordinary in¬ 
stallations a turndown ratio of 6:1 can be 
expected, without changing plates or 
cutting out burners. 

Atomization—Auxiliary-fluid Type 
Air Atomizer. In this type, com¬ 
pressed air is the fluid used for the atom¬ 
ization of the oil. Since the cost of com¬ 
pressing the air is comparatively high, 
there has been little commercial applica¬ 
tion of the air-atomizing principle. 

Steam Atomizer. In this type, the 
atomization of the oil is accomplished by 
jets of steam. There are two general 
classifications, the inside mix and the 
outside mix. 

In the inside mix, the atomization by 
the impingements of the steam jets is 
carried out inside the nozzle body. The 
steam further heats the oil, thus reduc¬ 
ing the viscosity. This is the more widely used of the two types. 

In the outside mix, the atomization of the oil occurs by the jet impingement out¬ 
side of the nozzle. This type is now virtually obsolete. 

There is some objection to the use of the steam type of atomizer since the steam 
that is used is lost to the stack and represents just so much more make-up in the feed 
water. However, as a general rule, the nozzle of the steam-atomizing jets requires 
less cleaning than that of the mechanical atomizing types. 

The steam atomizer gives a finer spray generally than the mechanical type, which 
allows it to gasify more rapidly. The flame is more resistant to distortion, and hence 
the diffuser is often omitted. Recently, however, it has been found that the diffuser 
can give some slight improvement to the combustion efficiency, and it has been 
incorporated in some designs. 

In Fig. 24-11, oil is delivered to the nozzle body, through which it passes into an 
annular groove in the back of the sprayer plate. From this point, through a series 
of tangential supply slots, it enters the bowl-shaped whirling chamber at high velocity, 
rotating therein and following a spiral path in its progress to the outlet orifice where it 
sprays into the mixing nozzle and is further atomized by steam. The homogeneous 
mixture of steam and oil then passes through the orifices of the mixing nozzle. The 
accompanying expansion of the steam atomizes the oil into finely divided particles. 
Steam consumption claimed is between per cent to 1 per cent over the entire range 
of the oil burner. 



Fig. 24-9. Pressure vs. flow of constant- 
differential triechaiiical tip with return flow. 
The illustration is a generalized representa¬ 
tion of pressures in this type system. 
(Peabody Engineering Corp.) 
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Fig. 24-10. Schematic flow diagram for mechanical system. {Mackenzie Engineering Co.) 
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In the burner shown as Fig. 24-12, the steam and oil mix in the atomizing venturi 
and emerge as a hollow cone of mist from the atomizer nozzle. 

See Fig. 24-13 for schematic flow diagram for steam-atomizer system. 



Fig. 24-11. Inside mixing burner, steam atomizing. (Todd Shipyards Carp.) 

Operating Range. The operating range, usually about 10:1, of the steam-atomiz¬ 
ing burner is greater than that of the straight mechanical type, with no change of the 
burner tip or cutting in or out of the burners. The steam-atomizing burner is there¬ 
fore more suitable for variable loads. 



Flu. 24-12. Inside mixing burner, steam atomizing. (The Engineer Company.) 

Rotary-cup Atomizer 

Atomization is accomplished by feeding oil into a hollow cylindrical atomizing cup 
which is rotated at 3,400 rpm by a directly connected motor in the type shown in Fig. 
24-14. The oil flows into and spreads over the inside length of the atomizing cup. 
On reaching the end of the cup, it is thrown off at right angles to the cup axis as a thin 
sheet of oil. 

Primary air under pressure is supplied by the fan shown and is uniforndy directed 
at this thin sheet of oil, breaking it up into finely atomized particles of oil, the mix 
then passing into the funiacc. Secondary air is supplied by the door underneath or 
through openings in a checkerwork floor via a special air door, the draft being created 
by the stack. 

The oil supply is No. 5 or No. 6, or lighter at about 300 seconds Saybolt Universal. 
The operating range is 4:1 or 6:1. Maximum capacity of the largest unit is 1,250 lb 
of oil per hr. 

Air-mixmg Equipment 

The details of construction in general, of the air-mixing equipment do not differ 
for forced or natural draft or for mechanical or steam atomization. 

Air Register. The function of the air register is to control the velocity and direc¬ 
tion of the air stream, to wrap the air around the flame, and to help impart a rotation 
around the longitudinal axis of the flame. 

In Fig. 24-15 is shown a register applied to natural draft. It consists of a base ring 
and frustum-shaped cast-iron register body, sliding on four horizontal rods fastened 
to the base ring and a four-arm spider which supports the burner and hand lever. 




pircufatfng valve Pressure gauge^ 
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Fig. 24-13. Schematic flow diagram for steam-atomizing system. {Mackenzie Engineering Co,) 
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Fig, 24-14. Rotary-cup atomizing burner. Oil is fed to the inside of the atomizing cup 
which is rotated at 3,400 rpm. This oil is centrifuged from the edge of the cup into the 
high-velocity air from the primary air fan, which atomizes it and sends it into the furnace. 
The unit is snowii swung out of its operating position. {Todd Shipyards Corp.) 



Fig. 24-15, Air-control register. Combustion air is admitted through the rotary shutters 
of the register. Used for capacities up to 600 lb of oil per hour with finrnace drafts of about 
0.26 in. of water. Register is shown applied to natural draft conditions. (SchuUe & 
Koerting Co.) 
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This hand lever is used to operate the air shutter covering the radial openings in the 
register body. 

Eight directional vanes in the form of scoops in Fig. 24-16 guide the major portion 
of the air to mix with the oil spray after leaving the diffuser and surround the flame 
after it has passed into the furnace. 

The function of the diffuser is to impart a flow of air around the oil particles and 
also to guide air along the flame. The diffuser, types of which are shoWn in Figs. 
24-15 and 24-16, is a hollow metal cone, slotted or pierced with holes. Its shielding 
action prevents the high-velocity air from blowing the flame from the tip; and, at the 
same time, the slots or holes allow a limited amount of air to initiate combustion and 
thereby promote steady ignition. Good operation of the register demands that the 



Fig. 24-16. Air-control register. The view of the air register is from the furnace side. 
The ends of the air-directioii vanes as well as the diffuser are clearly shown. {Todd Ship¬ 
yards Corp.) 

diffuser be well back in the throat and that the air from the directional vanes or 
scoops be wrapped around the flame, yet it should not be so far back in the register 
that carbon deposits occur on the refractory ring. Diffusers are generally used on 
mechanical atomizers. They are not usually used on steam atomizers because of 
jet-aspirating action of the steam which makes them unnecessary. However, some 
designs recently have incorporated a diffuser because it was found to give some 
improvement in combustion. 

The function of the refractory throat is to hold the air closely around the flame. 
Radiation from the hot refractory assists combustioiv The total angle of the conical 
refractory ring used with the Todd “Hex-Press” burner is 70 deg, and it is important 
that it should be kept at that figure within close tolerance. Total angles of more 
than 70 deg with this burner not only tend to allow unnecessary air to pass around 
the flame but cause reduction of wall thickness at vital points. Too wide refractory 
angles cause the effect of the air to be lost at short distances from the front wall. 
Reduction of the angle much below 70 deg will tend to prevent proper expansion of 
gases from the flame at high rates and to render higher air pressures necessary for 
smoke prevention. The greatest care should then be taken to secure a total angle of 
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70 deg with the cone truly circular and concentric with the flame. Egg-shaped or 
otherwise eccentric openings lead to improper operation and poor results. Condition 
of refractory rings should be checked frequently, special care being taken that the 
refractory does not come away from the furnace opening and that no air space is 
present between the refractory and the front plate. 

The throat of the Peabody unit (Fig. 24-17) of venturi design mixes the air and 
fuel thoroughly with low draft loss. The burner throat is formed from the small tile 
sections comprising 18 or more segments. These small tile sections allow equal 
expansion, inhibit spalling, and reduce the danger of cracks developing in the refrac¬ 
tory throat, a tendency with large tile 
segments. Burner-throat tile is secured 
to the furnace front plate by means of 
hook bolts. 

Comparison of Types of Oil Burner 
According to Type of Atomization^ 

In all oil burners except the mechanK. 
cal atomizing type, the capacity is usually 
limited by the volume of the atomizing 
agent which it is possible to pass through 
the burner. In other words, it is not 
generally the size of the oil ports in the 
burner that governs the capacity but 
rather the size of the air or steam ports 
which governs how much air or steam can 
be passed through the burner and how 
much air can be induced into the combus¬ 
tion chamber. 

In mechanical atomizing burners the 
capacity is governed by the oil-discharge 
orifice and the available oil pressure, pro¬ 
vided that sufficient air for complete 
combustion is available in the confbustion chamber. 

Air-atomizing burners generally produce shorter flames than steam-atomizing 
burners for equal capacity. The reason is that, in the process of atomization with air, 
this air which is necessary for combustion comes in immediate contact with the oil 
particles, allowing ignition to take place more quickly, shortening the flame, and 
causing the fuel to be consumed more rapidly in a smaller space. With steam atomi¬ 
zation, all air for combustion must be mixed wdth the oil after it is atomized by the 
steam; consequently, there is a delay in the mixing of the fuel with the air resulting in 
slower combustion, longer flame, and a limited range of capacity as well as difficulty 
in maintaining low capacities. This important difference in flame characteristic 
should not be overlooked in the selection of a burner. 

As a specific example, a long| narrow combustion chamber, which, while suitable 
for a conical- or cylindrical-flame steam-atomizing burner, would be improper for a 
low-pressure air-atomizing burner. The combustion chamber would have to be 
widened, to assure reasonable service from refractories and good combustion. 

Mechanical atomizing burners usually develop a shorter bushier flame of low 
velocity. The angle of flame can be altered to some extent by changing the atomizing 
nozzle; but, because all the air is provided by secondary means, combustion is not so 
rapid as with other types of burners, and larger combustion space is usually required. 

1 “Hauck Industrial Combustion Data,” pp. 15-16, Hauck Mfg. Co., Brooklyn, N.Y., 1944. 



Fig. 24-17. Venturi refractory throat. 
{Peabody Engineering Carp,) 



INDUSTRIAL OIL BURNERS 


835 


In rotaiy-cup burners the flame characteristics are similar to those in mechanical 
atomizing burners except that, as a part of the air required for combustion k forced 
into the combustion chamber around the oil stream, the rate of combustion is 
increased. 

Applications of Oil-burner Tjrpes. In general, mechanical atomizing and rotary- 
cup burners are applied on steam-generating and space-heating equipment or equip¬ 
ment requiring large oil-burning capacities, while high-pressure and low-pressure 
burners are most widely used on heat-treating and other industrial heat-processing 
applications. Low-pressure air-atomizing burners are most often applied to industrial 
heating furnaces where multiple burners, ease of automatic control, wide range of 
control, and low operating cost are important requirements. 

Air Required for Atomization in Air-atomizing Burners^ 

The amount of air required for properly atomizing oil in an air-atomizing burner is 
affected by several factors such as furnace pressure or draft, air pressure in the burner, 
grade and temperature of the oil to be burned, maximum temperature to be devel¬ 
oped, and the volume of combustion space. Table 24-2 gives the average amount of 
air required for atomization for both low- and high-pressure deliveries. These 
figures are subject to variations due to the actual operating conditions of the burner. 

Low-pressure air-atomizing burners are usually classed as requiring air at to 5 
lb pressure; high-pressure air-atomizing burners require air at more than 25 lb pres¬ 
sure. Heavy oils require higher pressures than light oils. For example. No. 6 or 
Bunker C oil should have at least 1 lb and preferably lb pressure; while the light 
oils should have not less than lb pressure. 

Steam Required for High-pressure Steam-atomizing Burners 

These burners require dry steam at 30 lb pressure or higher. If steam is wet, the 
oil will not be properly atomized. The amount of steam required for atomization is 
variable and depends on the skill and judgment of the burner operator and the 
furnace conditions. A good operator, under favorable conditions, can atomize a 
gallon of oil with 2 to 4 lb of steam, while a wasteful operator may use up to 8 lb. 
For calculations, it is safe to allow 4 lb steam per gal oil, with due allowance for 
condensation losses in lines leading to the burners. 

Mechanical atomizing burners atomize oil by forcing it under high pressure to pass 
through a specially designed fixed orifice which causes the oil to be thrown in a conical 
spray into the combustion chamber. Air for combustion is forced or drawn in around 
the spray. They are regarded as one of the cheapest methods of atomizing oil. The 
oil pressure used is from 75 to 300 lb, depending on the kind of oil and the temperature 
required. However, this type of burner usually has a limited capacity range, z.e., the 
burner atomizes efficiently only at its rated capacity with limited turn-down ability. 
This is due to the fact that, in order to reduce the oil capacity 50 per cent, it is neces¬ 
sary to reduce oil pressure 75 per cent and, at such reduced pressure, the oil ceases to 
leave the burner orifice at sufficient velocity to be thoroughly atomized. 

Rotary-cup burners atomize by the action of a high-speed conical metal cup from 
the outer edge of which the oil is thrown by centrifugal force into a stream of lowr 
pressure air entering the furnace around the cup. The rotary cup is usually attached 
to an extension of the low-pressure centrifugal blower shaft and the oil is delivered to 
the cup at low pressure through the shaft or at the side of the cup at its inner edges. 
The motor, blower, pump, and atomizing cup are usually combined into an integral 
unit which is attached to the furnace by swing joints to permit swinging the burner 
away from the furnace for cleaning. 

1 “Hauck Industrial Combustion Data,” pp. 14-15, Hauck Mfg. Co., Brooklyn, N.Y., 1944. 



8d6 


FIBINO LIQUID AHD.QA8E0U8 FUELS 


Table 24-1. Comparison of Mechanical and Steam Atomization 



Mechanical 

Steam 

Normal operating range without 
changing sprayer plates 

IK:If straight pressure. 6:1, 
with return flow 

10:1 

Maintenance. 

Frequent cleaning 

Infrequent cleaning 

Oil viscosity, seconds Say bolt . 

150-180, important 

300-400, not so important 

Oil pressure for max output, psi 

200-300 

2-150 

Steam consumption, per cent. . 

Heating and pumping, K“1 
approx 

2-5 approx (also some heating and 
pumping) 

Steam loss. . 

None, steam is returned to hot 
well from heater and pumi> 

All the atomizing steam goes up 
stack 

Combustion air pressure 

Higher 

Lower because of steam-jet aspira¬ 
tion 

Load type .... 

Straight pressure, constant. Re¬ 
turn flow, variable 

Variable 

Maximum capacity, Ib/hr 

6,000 

5,000 

Starting, cold furnace 

Smokes badly, but depends on 
starting rate. Not too smoky 
if low firing rate used, gradually 
increasing as furnace heats 

Min smoke 


Table 24-2. Approximate Amount of Air Required for Atomization^ 

(Showing per cent of total combustion air, t.e., per cent of 1,400 cu ft per gal oil) 


Air {pressure, 
psi 


With balanced 
furnace pressure 


With moderate 
furnace draft 


Air pressure, 
psi 


With balanced 
furnace pressure 


With moderate 
furnace draft 


Tyow pressures 


High pressures 



Quantity of atomizing agent required per gallon of oil fired is, aeeording to Hauck, 


as follows: 

Low-pressure air burners, cfm 10-15 

High-pressure air burners, cfm 2^2- 3 

Steam pressure burners, lb steam 2- 8 

Mechanical atomizing burners. None 

Rotary-cup burners. ... None 

Power required for atomization of 1 gai fuel oil per hr: 

Low-pressure air burners, turboblowers, 16 oz, hp 0 1 

High-pressure air burners, 75 psi, hp . 0 4 

Steam pressure burners, lb steam . 4 14 

Mechanical atomizing burners, hp 0.032 

Rotary-cup burners, hp .., 0 05 


Coat of Atomization. On a basis of the above figures and assuming steam costs 
60 cents per 1,000 lb and electricity 2 cents per kwhr, the hourly cost of operation per 


100 gal fuel oil burned per hr would be 

Cents/Hr 

Mechanical atomization .4.8 

Low-pressure air turboblower, 16 oz ... . . 15 

Steam atomization. 20 

High-pressure air.60 
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Oil-bumer Control^ 

Semiautomatic Control. A semiautomatic oil burner is automatic in the sense 
that it starts and stops in response to a boiler-pressure switch, operating at a suffi¬ 
ciently high rate of combustion to carry the load by intermittent operation. This 
causes a cycle of heating and cooling, with considerable fuel loss due to the necessity 
for reheating the furnace-lining and boiler-heating surfaces after each cutout period. 

Installations of this type usually present an aggravated smoke condition for a 
number of reasons. Such a burner operates at a fixed rate, which may be fairly high, 
starting up in response to the pressure switch at that fixed rate of feed. Since under 
any type of draft control other than fully automatic, furnace draft will be high when 
the burner starts, dense smoke is usually emitted because of the high rate of fuel being 
fed into a comparatively cold furnace. This condition usually prevails for a number of 
minutes until the furnace brickwork is brought up to a temperature that will assist 
and ensure complete combustion. 

If no draft-control equipment is used or in the event that a fixed-draft-rate regulator 
is used, furnace draft increases very materially when there are no gases of combustion 
to be evacuated. This high rate of draft existing at the moment of starting aggravates 
the smoke offense because the smoke from the starting puff is drawn rapidly through 
the boiler. 

A semiautomatic oil burner should be converted to fully automatic operation if at 
all feasible. Smaller plants where such a change-over is not feasible or warranted, 
can, with little expense, be equipped and adjusted to prevent a considerable portion 
of the fuel loss and smoke occasioned by start-and-stop operation. 

Draft Control with Start-Stop Operation. The first step is to adjust the fuel¬ 
feeding rate to the load in order to secure as nearly constant operation as possible. 
Equip the air port with a shutter that is interconnected with the valve controlling the 
oil feed, and determine the proper arc of operation of the air-port shutter with relation 
to oil flow by means of gas analyses at several different feeding rates. 

Barometric draft control should be used if the size of the plant does not warrant 
fully automatic draft control. If barometric control is used, adjustments should be 
made at each time that a manual change is made in the oil and air feed, so that the 
draft conditions will be correct for any given rate of operation and varying volume 
of gases. 

The outstanding advantage of draft control in conjunction with start-and-stop 
burners is the fact that, during an off period, the furnace draft is maintained at a 
very low value, thus checking materially, if not stopping, the flow of cold air through 
the furnace. This serves to increase fhe length of the off periods and main¬ 

tain higher temperatures of the boiler surfaces and furnace brickwork. 

Fully automatic draft control must be of the sequence type, and so adjusted that 
adequate furnace draft will be established several seconds before the burner starts, 
in order to prevent puffbacks and fire hazard. 

Fully Automatic Control. A fully automatic oil-burning installation is one in 
which the supply of oil and air introduced by the burner, and the quantity of second¬ 
ary air supplied by natural draft, are closely controlled and automatically regulated 
in response to slight changes in steam pressure. Such an installation, where properly 
adjusted and controlled, will operate indefinitely without causing smokes * Its adop¬ 
tion for any oil-burning installation of even nominal size is fully warranted by the 
substantial savings effected. 

A regulating device actuated by steam-pressure changes serves to regulate closely 
the oil-feed valve, the primary-air intake shutter, and the variable-supply damper in 
the secondary air port. Such control should properly operate from very slight 

1 “Smoke,” p. 10, Perfex Corp., Milwaukee, 1947. 
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changes m steam pressure, thus avoiding wide swings'^ in combustion rate, with 
their attendant extreme furnace-temperature changes. Control of furnace draft, 
while a component part of the control set, is usually accomplished by separate and 
independent means. A separate regulating device positions the uptake or outlet 
damper to compensate for any slight changes in the rate of draft at the furnace, so 
that, regardless of the quantity of fuel being fed or the fluctuations in stack draft due 
to outdoor conditions, the proper rate of draft will prevail at the furnace to supply the 
correct quantity of secondary air through the variable opening in the secondary 
air port. 

If the rate of furnace draft is maintained at Ho in. or less, atomization is efficient, 
and air ports are adequate and proper, smokeless operation results. 

Firing and Maintaining Oil Burners^ 

Excess air wastes more fuel than smoke. Only sufficient air should be used to 
prevent smoke. If no other means are available to determine the correct amount of 
air, the simplest way is to reduce the air supply into the furnace to the smoking point, 
then increase the air supply gradually until the smoke just disappears. This should 
be repeated every time the fuel-firing rate is changed. Such cheeks should only be 
made when the furnace is at normal operating temperatures. 

Draft should be carried at as low a point as possible. The furnace air-intake doors 
should be kept open and the damper closed down to reduce air flow into the furnace. 
This reduces air leakage through cracks or leaks in the boiler setting. Never operate 
with the fire door open. 

Carbon dioxide as measured by an Orsat or recorder should be maintained approx¬ 
imately as shown in Table 24-3 for optimum results. Where recorders are used, they 
should be checked frequently with an Orsat. 

Heating heavy oil is essential to permit good atomization. The proper heat for 
various burners and conditions is as shown in Table 24-4. Many difficulties with 
improper atomization stem from dirty or inadequate oil heaters. 

Excess heating of oil in storage tanks, whether aboveground or buried, is extremely 
wasteful. Heavy oil in tanks should thus be heated only sufficiently to permit the 
pumps to draw the oil, usually 80 to 90°F. Oil vapors coming from heavy-oil tanks 
indicate a loss of valuable volatile portions of the fuel. The cause should be imme¬ 
diately investigated and corrected. 

Insulation of all hot-oil lines and containers is important. This should include the 
fuel-oil heater, manhole pits to buried tanks, and steam and condensate lines to tanks. 
(See section on Insulation for the correct method of insulating hot lines.) 

Automatic draft regulators in the flue or breeching should swing freely, respond to 
slight changes in chimney draft, and be properly adjusted. An automatic draft 
regulator with corroded pivots is unreliable and should be repaired or replaced. 

Maintenance of Burners. Atomizers. Keep atomizers clean. If of the steam- 
atomizing type, blow out the burners at each change of shift and whenever the burner 
is shut down. Replace worn tips; they waste both steam and fuel. Keep atomizing 
steam dry; wet steam reduces efficiency. 

Rotary Burners. Clean atomizing cup at regular intervals; a dirty cup makes 
smoke, soot, and carbon. Atomizing edge of cup must be smooth; if bent, irregular, 
or cut, replace cup immediately. 

Mechanical Pressure Atomizing Burners. Change and clean tips frequently. 
Carbon formation on these tips distorts the spray, causes smoke and soot, and requires 
wasteful excess air. Examine and replace air diffusers that are warped or have blades 

1 A Guide for Reducing Fuel Consumption in Commercial Plants, U.S. Bur, Mines Bull, 460, p. 24, 
1947. 



DOMESTIC OIL BURNERS 


m 


missing. On all grades of oil, examine strainers and filters periodically, and clean or 
replace when fouled. 

Maintenance of Brickwork. Air slots in checkerwork must be kept open. Igni* 
tion arches and wing walls adjacent to the burner should be periodicaDy inspected 
and repaired when necessary. Air chamber beneath checkerwork should be kept 
clean at all times. Burner port tile should be replaced if out of round.- Insulation 
between firebrick combustion chamber and boiler floor means hotter combustion 
chamber, holds heat longer on shutdown. 


Table 24-3. Recommended CO 2 for 
Various Classes of Oil Burners^ 



Carbon 

dioxide 


High 

rating 

Low 

rating 

Commercial and industrial: 



Steam atomizing, manual 

13-13M 

11 

Mechanical, pressure atomiz¬ 



ing, manual. 

12 

9 

Hoxizontal rotary, manual 

12 

9 

Horizontal rotary, automatic . 

11 

9 

Residential, automatic: 



Pressure gun tyiie. 

9-11 


Vertical rotary . • . 

9-11 


Horizontal rotary . 

<>-11 


Vaporizing. 

9-11 


Low air pressure ... 

9-11 



Table 24-4. Recommended 
Temperatures for Heavy Fuel Oils^ 


Oil 

Burner 

Temp, 
deg F 

No. 6 

Steam-atomizing type 

160-180 

(Bunker C) 

Mechanical pressure atom- 



izing. 

Rotary burners, oil heated 

200-250 


in suction line. 

Rotary burners, oil heated 

140 min 


under pump pressure. .. 

180 


Low-pressure-air burners. 

, 200 

No. r> 

Usually burned cold; will’ 
atomize and burn better 



if heated to. 

110-130 

Tank 

Just sufficient for pump to 



handle; avoid overheating 

80-90 


1 U,S, Bur, Mines Bull, 466, p. 24. ^ U,S, Bur, Mines Bull, 466, p. 25, 1947. 


DOMESTIC OIL BURNERS 
Leading T 3 rpes and Their Characteristics^ 

Vaporizing-type Burners. Vaporizing- or pot-type burners are very much in favor 
for heating units of small size, and for other applications requiring low heat outputs. 
In a well-designed well-baffled pot burner, a thorough and progressive mixture of air 
and oil vapor takes place, which can be used with a low, medium, or high setting. 
The present successful use of the vaporizing-type burner must be credited to a great 
extent to the improved mechanism for controlling the flow of the oil delivered by 
gravity to the oil-burning pot; it consists of constant-level and metering valves for 
high, low, and medium flames. Vaporizing burners are used with either small fans 
or natural draft. Obviously, with natural draft, there is often difficulty in obtaining 
proper coordination between oil flow and air supply, especially at periods of low fire 
and rapid acceleration. Great care must therefore be exercised to avoid abrupt 
changes of oil flow, either by manual or by automatic control; also to avoid oil flows in 
excess of that which the maximum input of air to the burner can handle without 
smoking. 

Low-press\ire Atomizing Burners. In this burner a mixture of primary air and fuel 
oil is prepared in a “metering pump” and released as a spray through a nozzle, at a 
pressure that varies from 2 to 7 lb, while secondary air supplied by a fan completes 
combustion. In this burner, besides the possibility of regulating the burner capacity 

1 Bickder, J., “Twenty Years of Progress in Domestic Oil Heating,” ASME Paper, Cleveland 
Semiannual meeting, 1942. 
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within rather wide limits, the comparatively large oil and air passages made possible 
by the low-pressure principle permit using a greater variety of fuels with equal success, 
likewise, the larger diameter nozzle orifice for any given rate of oil flow adapts them to 
installations requiring only small flows, as the likelihood of nozzle plugging and 
irregularities is correspondingly diminished. 

High-pressure Atomizing Burners. The most popular type of domestic burner, 
comprising between half and two-thirds of all burners sold, is the high-pressure “gun- 
type” burner. This burner consists of an oil-pump assembly with oil strainer and 
pressure-regulating valve, nozzle tube, nozzle tip, air fan, and transformer and 
electrodes for electric ignition. Unlike the low-pressure gun type, oil capacity can¬ 
not be varied, except by changing the nozzle tip. Any change in the atomizing pres¬ 
sure, which is usually most efficient at about 100 psi, changes the quality of the 
atomization and affects the good operation of the burner. 

Vertical Rotary Burners. This burner employs an entirely different principle of oil 
preparation, that of centrifugal atomization by means of a spinning burner rotating 
inside the combustion chamber around a vertical axis. Fine atomization is obtained 
by high rotating speeds, often in excess of 10,000 rpm. 

While most burners of this type produce a flame shaped like a “sunflower,” Timken 
(Silent Automatic) developed a new principle, called the wall-wiping flame. In this 
unit, fuel oil is conveyed by gravity to a spinning head driven by a vertical electric 
motor located underneath the hearth. Oil is sprayed by centrifugal force from this 
spinner and is mixed with air likewise induced from underneath the hearth by means 
of blades located on the spinner. Installed all around the periphery of the hearth 
and near the side walls of the boiler or furnace (hence the name of “wall-flame burner ”) 
is a ring especially constructed to receive the impact of the air and partly atomized oil 
mixture. Combustion may be expected to be rather mediocre for a few seconds until 
the ring becomes heated to a point where it will vaporize the oil and air mixture, 
transform it into a combustible gas, and cause it to burn upward, very much like a gas 
flame, with a purple color. High combustion efficiencies can be obtained with this 
type of burner when properly installed. A potential disadvantage is a tendency to 
be noisy. 

Horizontal Rotary Burners. Burners of the horizontal-rotary-cup type are used 
mostly in larger units, of semi-industrial and industrial sizes, although there has been 
some application to domestic use, particularly in large homes. 

Improvement through Field Service 

Modern oil burners are almost all now designed for and capable of satisfactory 
efficient service. The greatest drawbacks to the consumers^ obtaining satisfactory 
results in every instance are (1) installation by incompetent or inexperienced parties 
and (2) a lack of sufficiently frequent field checks for cleaning and adjustment. 

Installation men should be carefully picked, as all too many have “graduated” the 
easy way, through desire to sell and service burners instead of knowledge and ability. 
Among the more important installation details are (1) a proper proportioning of the 
size of the burner to that of the heating system and (2) a proper and careful design of 
the oil-burning combustion chamber or furnace. (Burner sizing is discussed below. 
Data on combustion chambers will be found under Furnace Design.) 

Field Adjustments. The necessity for frequent cleaning in order to avoid gross 
wastes of fuel and even more serious difficulties, such as fire and explosions, is well 
established. 

As to combustion adjustments. Bender^ reports the following as being the “before 
and after” observations of some 500 installations tested: 

1 **B&W Firebox Handbook," Babcock & Wilcox Co., Refractories Division Bull. B-20B, 1948. 



DOMESTIC OIL BURNERS 


841 


,«r 



Avg 

Avg temp 


CO 2 

deg F 

Conditions as found. 

8 72 

553 

After readjustments. 

9 16 

503 


Babcock & Wilcox^/jffers the following suggestions for oil-burner service procedure: 

1. Check the nozzle for proper flow and spray angle. Be sure all slots are clear. 
Nozzle capacities change through wear. Always use a pressure gauge for the first 
tune-up. Usually 80 to 100 psi nozzle pressure gives good results, but do not hesitate 
to adjust to 130 to 150 lb where necessary for good combustion unless contrary to 
manufacturer’s recommendations. 

2. Check the air delivery into the flame, as this often has more effect on flame shape 
than has the nozzle angle. For example, shifting air blades or cones back or forth 
inside the gun tube may make the flame narrower or wider, cleaner or Smokier, or 
quieter or noisier. To obtain narrow or wide flames from certain burners you may 
have to obtain special air-handling parts for the gun tubes. The shape of the flame 
should always fit the combustion chamber. 

3. Equip every installation with a good draft regulator, and use a draft gauge when 
setting the regulator. Use the lowest practical firebox draft; from a trace to 0.02 in. 
is enough for most domestic burners. Use only enough draft to give freedom from 
smoke, soot, and odors in the basement. Most draft regulators can be set for the 
lowest draft that they will give. 

4. Examine the flue passages of the boiler or furnace carefully. Make sure that 
they are clean and free from obstructions. Look for gas leaks between the sections 
of rectangular boilers, which permit hot gases to take short cuts to the smoke outlets. 

5. Check the possibility of installing baffles to reduce stack temperature. Install 
baffles with a draft gauge and thermometer to avoid furnace back pressures. 

6. Carefully seal all air leaks permanently, both when the burner is installed and 
1 month later. Such leaks can best be found with a candle flame with the burner in 
full operation and the highest draft. 

7. Adjust the air carefully to a point just far enough below smoking to avoid 
complaint. Do not come too close to smoke, but do aim for a rich red flame with 
optimum CO 2 . 

Pulsations in Oil-burner Operation^ 

A problem which comes up very frequently during inspections is that of “pulsa¬ 
tions,” either continuous or occurring only when the burner comes on or off, especially 
in modern furnace units. 

Considerable research work was conducted during 1941 to 1942 in an effort to 
contribute to this study of pulsation, but at the present writing, only the following 
negative results can be reported. 

1. While it was originally believed that pulsations were caused primarily by an 
incorrect mixture of the oil spray and the air flow at the burner outlet, experiments 
have shown that they may occur regardless of how intimately, evenly, and uniformly, 
the oil and air mixture is produced. 

2. Changes in the shape or size of the combustion chamber, or the furnace space 
immediately above it, do not necessarily eliminate pulsations. 

3. Changes in the chimney draft, in either intensity or regularity, do not neces¬ 
sarily eliminate pulsations. 

i“B&W Firebox Handbook/' Babcock & Wilcox Co., Refractories Division Bull, R-20B, 1948. 

3 Bendsr, J., Twenty Years of Progress in Domestic Oil Heating, Meeh. Eng., vol. 64, No. 

10, p. 731. 
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'4. Pulsations may be set up in a furnace regardless of the temperature of the 
furnace, either when the burner starts and stops or during consistent burner operation. 

5. It has been demonstrated that the addition to the fuel of an ^‘antiknockcom¬ 
pound such as tetraethyl lead, which makes combustion more uniform in a spark- 
combustion engine by retarding combustion of the more easily ignitible products, 
does not eliminate pulsations in an oil furnace. 

6. Pulsations will not necessarily stop when the excess air is varied at the burner; 
neither will increased air pressures at the burner in all cases eliminate pulsations. 

7. The shape of the connections between flue pipe and chimney will not cause or 
stop pulsations. 

8. An air vent in the combustion chamber, permitting temporary excess gas pres¬ 
sures to be vented, and allowing secondary air to be admitted, will always stop pulsa¬ 
tions, but this expedient usually reduces efficiency and creates a risk of gassy odor. 

9. Drawing the air and the products of combustion through the unit by a strong 
suction at the flue pipe, instead of blowing the air through the burner, will ordinarily 
eliminate pulsations. A slight drawback is the slight hissing noise of the air. It is 
felt at the present status of the work that pulsations are not caused by any given 
condition but by any number of causes, the most likely being the very design of the 
gas passes through the furnace. If these gas passages could economically be made 
streamlined, one of the most frequent causes of pulsations would be eliminated. 
Considerable work is still needed before some satisfactory answer to the pulsation 
problem in general can be given. 

Operating Time of Oil Burner vs. Efficiency^ 

According to Ren^ J. Bender, fuel oil engineer of the Sinclair Refining Co.: 

It would be wrong to assume that the “combustion efficiency’' tells the whole story of 
fuel economy in any given oil-burner installation; the cycle of burner operation is of great 
importance. By that is meant the percentage of time that the burner is on during any 
24-hr period. Oil-burner installations act quite differently when the burner is off; some 
cool off rapidly; others keep their heat well stored; the quantity of oil that the installation 
will need to compensate for these losses will vary also. Tests conducted at the Sinclair 
Refining Co. laboratory prove that it Is to advantage to keep the burner on for the longest 
period of time, for best economy. Tests from which the curve in Fig. 24-18 was plotted 
led to the following conclusion: If any burner is installed to run constantly during the 
coldest day of the year, the weather conditions of the Middle West are such that the burner 
will, as an average, operate 20 tp 30 per cent of the time; its efficiency will be nearly 10 per 
cent below what it would be if operating 100 per cent of the time. In summer, if any burner 
is equipped to produce hot water, it would be of advantage to reduce the oil flow (oil 
valve or nozzle) to increase the length of each operating period for better operation (see 
Fig. 24-18). 

Methods of Determining Burner Size 

The Btu method should be used whenever possible, as it is the most accurate and 
reliable. 

Btu Method. To the net Btu load on the boiler or furnace, add from 15 to 50 per 
cent for piping and pickup allowance (or duct loss and pickup allowance in the case of 
warm-air heating). This gives the gross Btu load. Divide the gross load by 100,000 
(the available Btu per gallon of oil at about 73 per cent efficiency) to find the gallon 
per hour rate needed. 

Modem well-planned warm-air systems with ducts in warm basements need only 
15 per cent duct loss and pickup allowance regardless of the size of the heating systems. 

Modern hot-water systems with insulated mains need 20 per cent for large systems 
(net loads higher than about 400,000 Btu) and 30 per cent for the smallest systems. 

Steam-heating systems with insulated mains require 30 per cent for large systems 
and 50 per cent for the smallest systems (net loads below 70,000 Btu per hr). 

^ Bender, Ren]£ J., loc , oit . 
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Firing rates 10 to 25 per cent above normal are needed for (1) extra long ducts or 
mains, (2) ducts or mains in unheated spaces, (3) poorly insulated steam or water 
mains, and (4) low boiler or furnace efficiencies. 

Thumb Rules for Burner Size. The following are approximate thumb rules for 
figuring burner size and should be used with great discretion: 

1. Steam. Fire 1 gal for the first 200 sq ft of standing steam radiation, plus an 
additional % gph for every additional 100 sq ft. 



Fig. 24-18. Curve showing boiler efficiency in relation to oil-burner operating time. 
{Bender^ Mech, Eng,, October, 1942; Fud OH Engineer, Sinclair Refining Co.) 

2. Warm Air and Hot Water. Divide the net Btu load on the furnace or boiler 
by 75,000 to determine the firing rate. 

3. For Homes Previously Heated by Coal. Fire 1 gph for the first 8 tons of coal 
formerly used per year, and Ho gph additional for each additional ton above 8. 

4. Power Boilers. Assuming about 65 per cent efficiency. Divide the horsepower 
desired from the boiler by 3 to determine the gallons per hour oil rate. 

Service Water Heaters. In using the preceding data, no increase in firing rate is 
needed where a tank-type indirect water heater is used. However, it is well to increase 
the firing rate by about H gph where a tankless heater is used. (This applies only 
to small homes; where the tankless heater is large, a separate additional calculation 
must be made.) 
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Fuel Oil for Domestic-type Burners 

A balanced domestic-burner fuel oil, such as the older straight-run types, contains 
three balanced distillation fractions, light, intermediate, and heavy. The light 
fraction ignites first and readily and acts as does the kindling in a coal fire to raise the 
temperature of the intermediate fraction to ignition; the burning of the intermediate 
then helps further to ignite and burn the heavier final fraction. The entire reaction 
is started and continued by the readily ignited lower fraction. In thermally cracked 
oil, for which nearly all domestic-type burners were originally designed, there is a 
sufficiently large percentage of the lower fraction for easy ignition and combustion 
with normal air delivery and turbulence; in the catalytic cracked oils there are usually 
less of the lighter fractions because of the desirability of keeping them in the gasoline. 
Thus, with the same gravity and other specifications, catalytic cracked oil tends 
toward more difficult ignition and requires more delicate design and adjustment of 
the burners to avoid incomplete combustion with the subsequent formation of soot 
and smoke (unless the latter is corrected” by the equally objectionable use of 
wasteful excess air). Manufacturers, cognizant of this difficulty, are rapidly changing 
the design of their burners to meet the demands of the catalytic oils. An outstanding 
example is the relatively new Shell” head which is now being used without royalty 
by a number of manufacturers. 

According to Hulse and Collins,^ domestic oil burners can be divided into three 
classes of sensitivity to fuel quality, which is a combination of various properties such 
as volatility, paraffinioity, carbonizing tendency, and sediment content. In order of 
increasing sensitivity, these three types are: 

1. Pressure-atomizing gun type (high and low pressure) 

2. Rotary wall-flame type 

3. Vaporizing pot type 

All three types are sensitive to sediment which clogs strainers, nozzles, and control 
valves. 

As regards volatility, paraffinicity, and carbonizing tendency, the least sensitive 
gun-type burner gives satisfactory performance on fuels quite deficient in these 
characteristics. A major fault of many gun-type burners is a sooty period at the 
start of each cycle; fuels of lower paraffinicity aggravate this condition to some extent. 

The rotary wall-flame burner is more critical of fuel quality and demands a higher 
volatility fuel with higher paraffinicity, and lower carbon-forming tendency. This 
is because of the projection against a cold ring at the start of the burning cycle. A 
fuel low in diesel index, deficient in volatility, and high in carbon residue will show 
relatively poor performance in this type of equipment. In some instances shifts to 
No. 1 fuel oil have been necessary on this account. 

The pot-type burner is supersonsitive to fuel quality and for acceptable performance 
should be supplied with No. 1 oil or kerosene, unless mechanical draft is used. With 
current trends toward lower volatility and gravity in No. 2 fuel oils, they will become 
even less usable in such burners. 

Use of Catalytic Cracked Oils.^ While spot conditions may exist that will cause a 
relatively poor quality component from a certain catalytic-cracking operation to be 
concentrated in a given batch of heating oil, it cannot be stated that in general poor- 
quality heating oils are derived from the catalytic-cracking process. Any degrada¬ 
tion in burning quality of No, 2 fuel oil which has taken place is properly attributable 
to the increased production of kerosenes (for pot-type burners), heating oils, and 
diesel fuels. In this connection, the following points appear worthy of note: 

1 Hulbe, Stbwabt H., and John O, Collins, Heating Oil Quality Trends, FudoU & OH Heat, July, 
1948, pp. 63--66. 

> Hulbe, Stewart H,, and John O. Collins, op. cU. 
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1. In former years, many No. 2 oils contained both kerosene and potential diesel 
fractions which resulted in high diesel index and a volatility well in excess of the 10 
per cent minimum at 440°F prescribed by Commercial Standard specifications. 
With the large increase in demand for kerosene and diesel fuel, light fractions have 
not been available as heretofore for blending into heating oil, and consequently there 
has been a corresponding decrease in volatility and paraffinicity. 

2. Contrary to thermal cracking, the fractions in the heavy naphtha range from 
catalytic cracking have high octane and therefore (except in emergencies) are com¬ 
pletely stripped from the heating oil for use in motor gasoline. Consequently, the 
catalytic heating-oil component is deficient in volatility. 

3. In order to make up volume, refineries have included higher boiling components 
in No. 2 fuel oil. 

For all these reasons, heating oils are Table 24-5. Average Competitive No. 2 
now being produced of lower volatility 
than was formerly the ‘case. This trend 
is illustrated in Table 24-5, which shows 
the average competitive quality as regards 
gravity, per cent at 440°F, and diesel 
index for several years between 1940 and 
1947 for No. 2 fuels marketed by eight 

major oil companies in the Newark, N.J., ^ Hulbe, Stewart H., and John O. Collinb, 

Heating Oil Quality Trends, Fueloil A OH Ueat^ 

^rea. july^ 194g^ 

Since, as has been explained, pot-type 

and certain rotary-type burners depend upon volatility for proper performance, it is 
evident that this trend, which shows a drop in both volatility and paraffinicity, has 
affected performance in certain burners, and not the introduction of catalytic distillates 
as such. Nevertheless it is significant that all authorities seem agreed that there has 
been a change in oils and, whether inherently due to the processes in use or to the 
manipulation of the refining equipment, oil must be selected for specific equipment 
with increased care. 


Fuel-oil Quality 1940-19471 



1940 

1942 

1944 

1947 

Gravity... 

37 5 

35 9 

32 6 

33 1 

Per cent at 440°F.. 

25.7 

15 9 

10 5 

16 1 

Diesel index. 

55.0 

52.0 

43.5 

45.3 


Table 24-6. Types of Domestic Oil Burners and Recommended Fuel Oilsi 


'J'ype 

Draft 

Grade of 
fuel oil 

Recommended characteristics 

Vaporizing: 




Range. 

Natural 

Kerosene 

Even distillation range. Carbon residue, 
trace. Good ignition characteristics 

Pot. 

Natural 

1 

Balanced distillation. Low carbon residue. 
Good ignition characteristics 

Vertical rotary vaporizer.... 

Atomizing: 

Mechanical 

2 

Balanced distillation. Low carbon residue. 
Good ignition characteristics 

High>preB8UTe mechanical. 

Mechanical 

2 

No sediment. Uniform low viscosity (not 
more than 45 seconds Saybolt Universal at 
100*^F). Good ignition characteristics 

Low-pressure air . 

Mechanical 

2 

Low sediment. Not too high viscosity. 
Good ignition characteristics 

Horizontal rotary cup. 

Mechanical 

2 

Not too high viscosity. Low sediment, 
max 1 % bottom setlings and water, 


1 “Oil Heat Guide,” p. 10, Shell Oil Co., 1946. 


FIRING GAS BURNERS! 

If the gas burners are being adjusted by hand the efficiency obtained depends 
largely upon the fireman. The U.S. Bureau of Mines is authority for the statement 

1 A Guide for Reducing Fuel Consumption in Commercial Plants, U,S, Bur, Mines Bull 466, p. 22, 
1947. 
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that as much as 20 per cent of the gas can be saved by efficient firing. If automatic 
controls are in use, the good fireman will still obtain the higher efficiencies through 
frequent checks, etc. The following rules are given for the operation of gas burners. 

Flame Characteristics. Best results are obtained when the flame is slightly blue 
at the burner tip, gradually changing to a clear light-orange haze, it being clear enough 
that details on the back wall of the boiler may be readily seen. If the flame is very 
sharp and of a highly blue color, there is an excess of air with consequent loss of heat. 
If the flame is lazy and yellow with smoky tips, there is a deficiency of air. In the 
latter case the furnace draft should be increased by opening the damper or air louvers 
on burners. 

Carbon Dioxide. In firing gas in small- and medium-sized boilers, the generally 
accepted practice is to have a carbon dioxide percentage of 8 to 9 for boilers of the 
steel-firebox type with very little refractory and 9 to 10 per cent for brick-set boilers 
such as the horizontal-retum-tube (HRT) and water-tube types. The CO 2 obtain¬ 
able with perfect combustion of average natural gas is approximately 12 per cent, but 
attempts to reach this usually result in incomplete combustion with carbon monoxide 
and soot. 

CLASSIFICATION OF GAS BURNERS^ 

In general, whether the gaseous fuel is manufactured gas, liquefied petroleum gas, 
or natural gas, the design of burners does not differ in principle. However, changes 
in such properties as Btu values and gravities do impose a necessity for such a wide 
range of burner adjustment that a burner, once designed for a particular gas, may be 
limited in its application. 

The numerous types and designs of burner available can usually be classified on a 
basis of the various permutations and combinations of air pressure and gas pressure 
employed at the burner. On such a basis, the “torch” type of burner is usually used. 
However, other basic types are available, usually for specialized applications, such as 
pipe-type burners, ring burners, surface-combustion burners, and submerged burners. 
The following outline lists the several types and is followed by brief descriptions of 
the burner types. 

I. Open-combustion types 

A, Torch burners 

1. Atmospheric (air at atmospheric pressure) 
o. Low-pressure gas inspiration (3 to 8 in.) 

6. High-pressure gas inspiration (4 psi and up) 

2. Blast (air above atmospheric, gas at 3 to 8 in.) 

3. Low-pressure proportioner (air at 2 psi, gas at 3 to 8 in. H 2 O) 

. 4. High-pressure proportioner (air above 5 psi, gas 3 to 8 in.) 

5. Total premix 

6. Immersion (pipe in fluid) 

7. Radiant (pipe in air) 

B, Pipe burner 

1. Atmospheric 

2. Blast 

C, Ring burner (usually atmospheric) 

II. Surface combustion 

III. Submerged combustion 

Open-combustion T 3 rpes 

Torch Burners. Atmospheric, Low-pressure Gas. The air is drawn into the gas 
stream by the kinetic energy of the gas stream (at pressures from 3 to 8 in. of water) 

1 Gomingbb, B. H., Philadelphia Gas Works, Philadelphia, Pa. 
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as with a biinsen-type burner, or a venturi-throat injector. Approximately 60 to 
70 per cent of the air, or the primary portion, can be induced in this manner. The 
remaining, or secondary, air is usually drawn in from the atmosphere surrounding the 
burner nozzle. This last characteristic must not be overlooked in the application of 
the atmospheric burner. 

In general,^ the burner itself must have the following characteristics; 

1. Controllability over a wide range of turndown without danger of flashback or 
outage. Even for thermostatically controlled operations where the burner is either 
FiJLi^ON or OFF, this characteristic is desirable. 

2. Uniform distribution of heat, including uniform flame height and good flame 
distribution over the area being heated. 

3. Combustion must be complete. Neither carbon nor carbon monoxide should 
escape from the flames. 

4. The flames must not lift away from the ports. 



connectio/i^Sptid 


Fig. 24-19. Torch burner, atmospheric. Gas issuing from the spud injects air into the 
venturi-shaped mixer. (Surface Combustion Corp.) 

5. Ignition must take place readily. The flame should travel from port to port 
over the entire burner rapidly and without difficulty. 

6. The burner should operate quietly on ignition, during burning, and on extinction. 

7. Substantial and durable construction is essential to withstand severe heating 
and cooling and remain operative for the life of the appliance in which it is used. 

As shown in Fig. 24-19, gas issues from the orifice or spud, injects air into the 
venturi-shaped mixing chamber, and burns at the tip. This type of burner is made 
in a wide range of capacities. 

Figure 24-20 is an orifice capacity chart for low-pressure gases. The range of 
pressure used for atmospheric torch burners is within the scope of this chart. 

Notk: Boilers or fAirnaces employinK atmospheric burners should operate at practically no draft to 
prevent “pulling away” or back “puffs” on the burner. Where chimneys are used, a draft hood to 
break the draft should be employed. 

Atmosphericy High-pressure Gas Inspiration. This type of burner is similar to the 
atmospheric type of burner except that the gas is supplied at a pressure of about 4 
psi and upward. Air is injected into the venturi-shaped throat by the kinetic energy 
of the gas. The energy of the gas must be sufficient to introduce 100 per cent of the 
air. The gas pressure required is dependent on the thermal characteristics of the gas. 
According to Surface Combustion, Toledo, Ohio, catalogue BG-44, the pressure of the 
gas is as follows: 


Type of 
gas 

Btu gas/ 
cu ft 

Max 

pressure, psi 

Producer ... 

150 

1 

Water gas 

228 

7 

Manufactured 

600 

10 

Natural. . 

1,000 

20-26 

Propane ... 

2,500 

36 or higher 


1 Shnidman, L., Editor, “Gaseous Fuels,” p. 136, AGA, New York, 1948. 
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The relationship between the spud, the inspirator throat, and the burner tip must 
be carefully proportioned. A given high-pressure inspirator will not operate properly 
unlesp, these relationships are correct. 

As shown in Fig. 24-21, the only control necessary is the gas valve (1). The gas 
passes through the spud (3) and into the venturi (6). Air is drawn in through the 
shutter (4). The mixture of gas and air is piped from the mixer at (7) to the burner 
or burners. 
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Blast (air above atmospheric, gas 3 to 8 in.). Where the gas pressure is low, or 
there is limited combustion space, the blast burner is used. The air is supplied at 
pressures from 2 to 6 oz per sq in., and the gas at pressures from 3 to 6 in. water. 
The gas and air are separately proportioned by means of valves. This type has been 
superseded by the low-pressure proportioner. 

Low-pressure Proportioner (air at 2 psi, gas at 3 to 8 in.) or Inspirator. In order 
to eliminate the use of two control valves of the blast burners, the low-pressure pro¬ 
portioner was developed. This type utilizes air at 1 to 2 psi and gas at 3 to 8 in. 
water at the gas governor. The kinetic energy of the air stream is used to inspirate, 
or draw in, the gas held by the gas governor at some low constant pressure, usually 
zero or atmospheric. Some form of adjustment between the zero regulator and the 
inspirator chamber is provided, to vary the gas-air mix. Once the adjustment of 
gas and air is set, it is maintained automatically over the load range. 

The proportioner, with its gas governor and mixture adjustment, can be used for 
400-Btu gas and up. The proportioning of the burner nozzle, the air jet, and the 



Fig. 24-21. Torch burner, high-pressure gas inspiration. Most of the total air required 
for combustion is injected into the venturi throat by the kinetic energy of the gas issuing 
from the spud. (Hauck Industrial Combustion Data, p. 71.) 

inspirator throat must be maintained wdthin a specified range. Practically any 
shape of burner nozzle can be supplied through the proportioner. Only One control 
valve (the air valve) is necessary to change the output. The gas valve is used for 
turning tin*, gas on or off. Figure 24-22 illustrates a low-pressure proportioner. 
Air flowing through the insert draws in gas at constant atmospheric (or zero pressure 
held by the governor) through the orifice. The mixture is piped from the inspirator 
outlet. Secondary air is needed to complete combustion. This air is supplied from 
circumambient atmosphere. 

To meet the requirements for a furnace of a wide temperature range, the system of 
Fig. 24-23 is utilized. At lower temperatures an auxiliary supply of air is introduced 
which gives a large supply of heated gases, promoting quick and uniform heating. 
At higher temperatures both nozzles function as burners in the usual manner. 

High-pressure Proportioner (air above 5 psi, gas 3 to 8 in.). The high-pressure 
proportioner does not differ from the previously described low-pressure proportioner 
in principle but is designed to operate on the higher pressure air. 

Premix Burners.^ Nozzle mixing burriers lack the uniform controllability of other 
types and are not very well suited for producing controlled atmospheres.over a wide 
range of turndown. They tend to make a nonimiform atmosphere because of short 
time and space for air-gas mixing. 

Premixed burners form the largest class of industrial burners and are, in general 
use, successfully producing all types of atmospheres. It is simply necessary to 
regulate the air and gas flow to produce the desired condition. Sometimes, where 
luminosity is desired, these burners are supplemented by a separate supply of 
unbumed gas, or they may be used in combination with carbon-gas burners to pre- 

I Shnidman, L., op, cvt., p. 212. 
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Fig. 24-22. Low-pressure proportioner or inspirator. Gas rodu(;ed to zero pressure by the 
governor is drawn in by the high-velocity air through the insert. {Surface Combustion 

C(yrv.) 



Fid. 24-23. Wide-temperature-range application. Air is injected as indicated, to give a 
larger volume of hot gases for uniform and rapid heating. At higher temperatures both 
HQiizles function in the. usual manner. {Surface Combustion Corp,) 
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cipitate carbon, as in the manufacture of carbon black. In certain instances, they 
have also been combined with oil burners to produce suitable forging-fumace flames. 

In this system, the gas and air are mixed in proper prpportions, compressed, and the 
mixtures delivered to the burners under pressure. This is the most desirable method 
of burning gas where exact uniformity of performance is required and careful control 



Fig. 24-24. Torch burner, low-pressure proportioner. Typical manifolding and piping 
layout for multiple burners. {Hauck Industrial Combustion Data^ p. 65.) 


over the heating operations is necessary. An apparatus to accomplish this total 
premix is shown in Fig. 24-25. 

Partial Premix, The gas is drawn into the air stream by the kinetic energy of the 
air under pressure. This system has a wide industrial application. Features are 
automatic proportioning of air and gas, ease of control through a single (air) valve. 


6as intake at air intake 
pressure or suction ^ ^ 

Compressor suction^ 



Gas intake reduced 
to air intake pressure 
• ^ or suction ^ 


Air intake pressure 
or suction -balanced 


Compressor suction 
damping orifice 

Compressor suction - 4 


"i1 

ii_ 

w 

mm 


1 

wm 


1 


Air intake 

pressure or suction - - 

Fig. 24-25< 

America.) 




Uplift force equivalent to 
differential between compressor 
'Suction and air intake press. andwt.\\ 


Diagrammatic representation of total premix system. {Sdas Corp, of 


and constant mixture through wide ranges of consumption and turndown. Pressure 
blowers are available for 4,000 to 200,000 cu ft per hr and 3 to 50 in. water. 

Immersion Torch Burners {Pipe in Fluid), Solutions and readily fused metals or 
salts can be heated by the immersion system. The material, contained in a suitable 
pot, submerges heating tubes, as shown in Fig. 24-26. Torch burners—atmospheric, 
blast, or premix—fire into the end of the heating tube, which in turn heats the sub¬ 
merging liquid. 
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Tube beating permits sediment to drop to the bottom and prevents scorching 
which might occur if the pot were heated from the bottom. Numerous tube arrange¬ 
ments are available. 

Radiant Torch Burners {Pipe in Air), In this arrangement, the torch burner is 
fired into the end of a tube that is used to heat air or any other gas that is to be kept 
free of contamination by the products of combustion. 



Fig. 24-26. Torch burner, immersion. Tubes are immersed in the liquid being heated. 
Upper arrow shows vent hood deflecting part of the inert burnt gases over the surface of the 
pot contents to cut dross formation in metal heating. {The C. M, Kemp Mfg. Co.) 

Open-comhxistion Pipe Burners. In this type, a pipe is used as the burner and is 
equipped with drilled holes (see Fig. 24-27) or projecting tube ports or ribbon inserts. 
The primary air is induced at the mixer at one end of the pipe, and the secondary air 
is induced around the flame from the surroimding atmosphere. This type is usually 
an atmospheric burner. 

Open-comhustion Ring Burners. This type of burner consists of rings having 
suitable drilled holes. These rings are concentric and can be supplied in groups of 

one to five rings. The rings can be fur¬ 
nished with drilled ports or with project¬ 
ing drilled ports. Primary air is induced 
in a mixer on each ring, and the secondary 
air is drawn in around the flame. Usu¬ 
ally this is an atmospheric burner. 

Surface-combustion Types^ 

The so-called surface combustion of gas 
consists of burning gas, without flame, in 
contact with an incandescent solid surface. 
All surfaces possess, in varying degree, 
the power of accelerating gaseous combustion. At low temperatures, metallic surfaces 
of platinum, ferric oxide, and nickel oxide are the best catalysts; at high temperature, 
incandescent coal and refractory materials are very satisfactory. In commercial 
applications of surface combustion, a homogeneous mixture of gas and air in the 
proper quantitative proportions is burned in contact with a localized surface of a solid 
so that a condition of incandescence is maintained at this surface. The advantages of 
this system are accelerated rates of complete combustion, with minimum excess air, 
and rapid rates of heat transfer. 

Figure 24-28 illustrates the refractory-bed method of firing. This technique 
maintains extremely high rates of combustion and completely burns the gases in a 

1 Barnard, W. N., F. O. Edliinwood, and C. F. Hirbhfeld, "Elements of Heat-power Engineering,'' 
3d ed., Vol. II, pp. 557-658, John Wiley A Sons, Inc., New York, 1933. 



Single row Double row 

drilling drilling 

Fig. 24-27. Pipe burners. {Bryant Heater 
Co.) 
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small zone. The furnace is heated by the hot products of combustion and by the 
radiation of the incandescent bed. The burner nozzle is protected from high tempera- 
ture by a special refractory, and any heat transferred to the burner casting is dissipated 
by the fins. In some cases, the method is being replaced by the refractory-tunnd 
method. 


Figure 24-29 illustrates a surface-combustion tunnel 
burner. Most of the combustion takes place in the 
incandescent refractory tunnel. Usually, the tunnel 
burners are manifold in groups so that one propor- 
tioner controls the group. 


H/g/) temperature 
tunnel refractory 

Burner nozzle \ 
and tunneU \ 

Refractory bed N 
\ 



Inspirator 
or manifold 
connection 


Hfgh temperature 
tunnel refractory - •\ 


Opening for 
pilot 



inspirator 
or manifold 
connection 


Combustion —' 
tunnel 


Fig. 24-28. Surface-combustion refractory Fig. 24-29. Surface-combus- 

bed. {Surface Comhustion Carp.) tion tunnel burner. (Surface 

Comhustion Carp.) 


Submerged-combustion Types^ 

Submerged combustion of a gas can be secured by installing a gas burner, with or 
without a combustion chamber, directly in a liquid bath. High gas velocities are 
used in order to prevent backfiring of the flame. In some designs, gas and air are 
thoroughly mixed and directed into a refractory-lined combustion chamber; ignition 
is by electric spark. The products of combustion are discharged from the combustion 
chamber into the liquid bath. Extremely minute bubbles ascend up through the 
liquid, and a large surface of contact is exposed to give very effective heat transfer. 

Submerged combustion has been successfully applied to the evaporation of such 
liquids as phosphoric and sulphuric acid, to the melting of white metals, to cleaning 
and dyeing, and to water heating. 

Experimentation is still being carried on to determine feasibility of this method for 
various applications. 


AIR-SUPPLY METHODS 

There are many systems of supplying air to the gas burner. The common types 
can bo listed as follows (see Table 24-7 for comparison): 

1. Inspirator (atmospheric). Kinetic energy of gas is used to entrain the air, as 
in a bunsen burner. 

2. Partial premix. Kinetic energy of air is used to entrain the gas. 

3. Total premix. Gas and air are mechanically mixed in a machine. 

Inspirator or Atmospheric. The air is drawn into the gas stream by the kinetic 

energy of the gas stream, as with a bunsen burner, or a venturi-throat injector. If 
the gas pressure is high enough, sufficient primary air can be supplied by this method 
to provide complete combustion. The open atmospheric injectors (venturi type) are 
designed to entrain about 50 to 70 per cent of the total air through the air shutter at 
1 Barnard, W. N., F. O. Ellenwood, and C. F. Hirshfeld, op. cU, 
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normal gas pressures. (The remainder of the required or secondary air is supplied 
by the atmosphere around the burner tip.) When 100 per cent air entrainment is 
desired, the gas pressure must be boosted to at least 4 psi or higher. Since the air 
injector is normally a part of the burner assembly, illustrations and descriptions are 
given under Atmospheric Gas Burners. 


Table 24-7. Comparison of Air-supply Methods 


Type 

Mixing 

Auxiliary 

apparatus 

required'* 

1 Pressure 

Advantages 

Disadvantages 

process 

Air 

Gas 

Inspirator 

Kinetic energy 

None 

Atmos- 

3—8 in. 1 

Simple, inex- 

Temp range 

(atmos¬ 

pheric) 

of gas to en¬ 
train air 


pheric 

water at 
burner 

pensive 

lower, poorer 

combustion 

control 

Partial 

Kinetic energy 

Blower, gen- 

Generally 

3—8 in. 

Better control 

More appara- 

premix 

of air to en¬ 
train gas 

erally 1 to 2 
psi. Check 
valve on gas 
line. Gas 
governor 

1—2 psi 

water at 
gover¬ 
nor 

and combus¬ 
tion. Higher 
temp range 

tus. More 
expensive 

Total pre¬ 

Machine me¬ 

Mixing machine 

Approx 5 

3—8 in. 

Best control 

Most appara¬ 

mix 

chanically 
mixes air and 
gas, and then 
mix is com¬ 
pressed. Each 
installation is 
generally engi¬ 
neered and de¬ 
signed for a 
specific appli¬ 
cation 

to proportion 
gas and air, in¬ 
cludes blower. 
Outlet pres¬ 
sure regulator. 
Check valve on 
gas. Fire 
check valve on 
outlet mix line 

psi 

Mixture vi 
1-5 psi 

water 
at gov¬ 
ernor 
iries from 

and combus¬ 
tion. High¬ 
est temp 
range 

1 

tus. Most 
expensive 


« Pressure indicators shovdd be included on all types, as they are of considerable help in operation 


BURNER APPLICATIONS! 

Burners, with mixing systems of perfect design and proportion, will not be effective 
unless used in an appliance soundly designed and engineered. No matter what type 
of equipment application, the heat released must be placed where it will do the most 
good, so that even distribution will be secured and heat loss will be kept to a mini¬ 
mum. One of the advantages of gas is that it can be readily applied where needed- — 
at the top or bottom, by many small burners or by one large one. The proper venting 
of the products of combustion is a definite and important part of equipment design 
and affects performance as well as being a factor of safe operation. Flues and stacks 
can be sized by the Btu input just as burners can. They should not be either too 
large or too small; draft conditions must be taken into account and measures taken 
to prevent back drafts. Heat distribution and transfer can be radically affected by 
good or poor ventilation of equipment. 

Automatic control equipment for limiting or controlling temperatures will increase 
the efficient utilization of the fuel. Many industrial heating operations require close 
specifications of temperature; even where this is not essential, it is usually wasteful 
to overheat or underheat or to control by hand where instruments are available. 

Safety instruments, as well as control, are available. In some cases these are 
essential to meet building or insurance codes. Off and on control operation calls 
for safe and automatic ignition, with gas shutoff in case of pilot failure. Many 

1 Wbirttm, C., Considerations Affecting the Sound Utilization of Gas, Tnd, Oaa, vol. 27, No. 7, pp. 
7. 23-26, 1949. 
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recirculation processes call for a purging cycle prior to lighting; and in a great many 
applications provisidh must be made to ensure an open damper and a free flue before 
fuel is turned on. Temperature-limit controls and controls to guard against air or 
fuel failure are also in common use. It is usually found that the investment required 
for instrumentation, for both temperature control and safety control, is more than 
justified in fuel saving, better product, and safety. 

Listed in Table 24-8 are the principal methods in common use with typical examples 
of each, as well as the usual types of burners applied. 


Table 24-8. Typical Methods of Gas Heat Application 


Method 

Usual 

burner 

type 

Examines 

Direct flame. 

Torch 

Speed heatmg for forging and heat-treating, glass shaping, 

Underfiring . 

Ring, pipe 

soldering, brazing 

Boilers, tanks, pot furnaces for melting lead and cyanide 

Side firing, direct or tangen¬ 

Torch 

heat-treating, varnish kettles 

Retorts, galvanizing kettles, autoclaves 

tial 



Recirculation, direct and 

Torch, pipe 

Paint-finisliing ovens, tempering furnaces, coffee roasters 

indirect 



Tunnel burners in refractory 

Torch 

Oven heat-treating furnaces, crucible melters 

walls 



Radiant tubes. 

Torch 

Low-temp ovens; furnaces up to 1700®F, alloy tubes; high- 

Immersion tube. 

Torch 

temp furnaces up to 2400°F, refractory tubes 

Soft-metal melting 

Submerged combustion . 

Torch 

Solution heating 


CONTROL OF FURNACE ATMOSPHERES^ 

Atmospheric Burners. Furnaces equipped with atmospheric gas burners can 
easily be operated with excess-air combustion atmospheres. Owing to the limited 
burner head pressures available, it would not ordinarily be safe operating practice to 
attempt production of air-deficient atmospheres with this type of burner. The control 
of the composition of the atmospheres in such furnaces can best be effected by regiila- 

Table 24-9. Reducing Atmospheres Producible by Burning Gas Direct in a Furnace 



Natural gas 

Coke-oven 

gas 

Carbureted 
water gas 

AGA 

MCG 

AGA 

MCG 

Max CO, per cent. 

8 4 

30.0 

12.0 

14 0 

Max Ha, per cent. 

8 6 

13 0 

15.6 

25 0 

COa, per cent . 


5 0 


3.0 

Air supply (per cent total required) 

67 

52 

53 

45 


Note: Size of furnace, insulation, temperature, etc., influence results. AG A « American Gas 
Association Laboratory. MCD = Michigan Consolidated Gas Co., Detroit. 

tion of the burner air shutter and /or the flue-outlet size. To a largo extent, controlling 
the flue size will be more effective than controlling either the primary or the secondary 
air. This is limited to cases where the supply of secondary air is unrestricted. It 
may be impossible to maintain successful regulation of furnace atmosphere if second¬ 
ary air has been restricted by suitable baffles or shields. Then the best regulation of 
^ Shnidman, L., Editor, ‘‘Gaseous Fuels,” p. 211, AGA, New York, 1948. 
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the furnace conditions is by means of the flue openings. It probably is possible to 
reduce the excess air to zero and to produce some degree of tile so-called reducing 
condition; too much effort in this direction may result in smothering the flame. 
There are also some hazards from possible explosions of pockets of unbumed com¬ 
bustible under such conditions. It is not recommended that strongly reducing 
atmospheres be produced with atmospheric burners. 



Gas burned, thousands of btu per hour 

Fia. 24-30. Recommended flue area for gas-fired furnaces. {Havck Mfg, Co.) 


Pressure Burners. The control of atmospheres over a wide range of conditions is 
possible with pressure burners. Since the air-fuel ratios can be regulated as desired, 
atmospheres with excess air, no excess air, or excess combustible can be produced at 
will. The limit of burner operation by burner adjustment alone is unknown. Ther¬ 
mal efficiencies are materially reduced by deviations from complete combustion 

conditions. 




GAS-BURNER AUXILIARIES 
Check Valves. Some form of check valve 
should always be installed on the gas line 
partial-premix or total-premix systems. It 
is used principally for preventing backflash 
and encroachment of air into gas lines (where 
it then becomes a potential explosion hazard) 
when air pressure exceeds gas pressure. 
They can also be used where a reverse flow 
of gas or air must be prevented. 

A disk type is shown in Fig. 24-31. The 

ox TA- 1 ^ 1 1 is of lightweight construction and offers 

Fia. 24-31. Disk-type check valve. ® ® •t.x. 

{Norwalk Valve Co.., So. Norwalk, Conn.) less resistance than the standard-weight 

check-valve construction. This valve is for 
maximum line pressures of 150 psi and back pressures of 100 psi. The valve opens 
wide at J^-in. water-pressure loss. 

A diaphragm check valve is available for those who prefer this type over the disk 
type. 

Fire check valves stop the backward travel of any flame in air-gas mixture lines 
caused by backfiring of burners and automatically shut off air-gas mixture supply 
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feeding such flame. In the Selas valve, the flame traveling back in the air-gas line 
comes to the fire check valve. A screen stops tlic flame, and the flame burning or 
lingering on the screen heats up bimetallic strips that release the close-off valve.' A 
check valve included in the system reacts to any explosive back pressure and gives 
protection against the damaging results of pressure waves. The fire check should be 
located as close to the burner as possible, or to any starting point of a backfire. Figure 
24-32 gives the pressure drop vs. capacity of some fire checks. 

Gas-burner ignition methods can be listed under two types, hand torch and pilot. 

A simple hand torch, where gas is available at the burner, can be made from a 
suitable length of small-bore pipe securely connected by means of a rubber hose to the 



Fig. 24-32. Pressure drop vs. capacity, fire-check valve. {Sdas Corp, of America.) 

gas source. The torch is lighted and then poked through a suitable access port close 
to the burner. As soon as the burner gas valve is turned on, the lighted torch ignites 
the burner. A similar torch can be made from a piece of asbestos rope firmly fastened, 
to the end of a heavy wire. This torch is dipped in kerosene, ignited, and poked 
through the access hole at the burner. ^ 

The pilot types can be subdivided as follows: 

1. Constant flame. This consists of a fixed small-bore tube led to the burner from 
the gas source. This pilot is kept lighted. When the gas is admitted to the burner, 
this pilot ignites it. The pilot is lighted manually or by spark. 

2. Hand 'pilot. This consists of a portable small-bore tube or pipe used as a light¬ 
ing torch, supplied by a securely connected rubber hose attached to the gas supply. 
This torch is first lighted manually; the burner is turned on and ignited from the 
torch. The torch is turned off or used for other burners. 

3. Cyclic spark. A device which sets off a high-tension spark at set intervals to 
ensure that the burner is lighted and which consequently promotes greater safety. 
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SINTERING FINE ORES 

Sintering is fundamentally a process of agglomerating fine ores by clinkering so 
that the resultant sizes will be sufficiently large for blast-furnace use. (Other proper¬ 
ties are essential for sintering, as will be discussed.) In mining, ores of relatively 
low metal content may frequently be beneficiated after grinding, such as by magnetic 
or chemical means. The ground beneficiated material is then prepared for smelting 
by sintering. Flue dust is also frequently reclaimed by sintering. 

In practice, sintering is accomplished on one of two types of equipment, the Dwight 
Lloyd continuous process and the Greenawalt batch process. 

Equipment for Sintering 

The Dwight Lloyd (Fig. 25-1), which is widely used, consists mainly of an induced- 
draft traveling grate up to some 80 ft in length. A charge, after being properly 
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Fig. 26-1. 


b. Greenawalt (intermittent) 

Schematic arrangement of Dwight Lloyd and Greenawalt sintering machines. 


prepared from several carefully proportioned materials, is laid on the grate and 
ignited by down-blast oil or gas jets covering the grate for the first few feet of travel. 
The remainder of the grate is then available for the burnout with self-sustaining 
combustion. Because all air for ignition is drawn through the fire, the top of the fuel 
bed is relatively cool and the sintering bed is operated without any covering, hood, 
or other obstruction over the length of the grate. 

The Greenawalt system (Fig. 25-1), of which the Bethlehem Steel Co. operates an 
outstanding example at its Lebanon, Pa., plant, is the same in principle, with the 
important difference that sintering takes place in large flat ‘'pans^’ some 15 to 20 ft 
square. The charge is laid down and ignited by special wide-gauge cars straddling 
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the series of pans. When the sintering is complete, the entire pan, pivoting on 
trunnions, is dumped into railroad cars beneath.^ 

Fundamentals of Sintering 

In a paper presented at the Buffalo meeting of AIME, in April, 1938, John E. 
Greenawalt described the fundamentals of sintering iron ore.* Some of the high 
lights of this paper follow: 

Broadly speaking, sintering is an oxidizing or burning process, and, therefore, the 
volume of air passing through the charge is an all-important factor. Air must be 
passed through the charge in sufficient volume to produce a sintering temperature 
in the mass as influenced by the porosity of the charge itself and the suction available 
to force the air current through the pores of the charge. 

Porosity of the charge is influenced by three factors: 

1. Moisture, without which the porosity would be impractical to pass sufficient air, 
progressively increases porosity until a maximum is reached; then, if we continue to 
add water, it decreases porosity until completely destroyed. In practice, moisture 
varies with the character of the ore and may range from 5 to 12 per cent. ‘ Magnetite 
ores require the least and clayey ores the most. Drier charges tend to produce a 
slightly more fragile sinter, wetter charges stronger and denser sinter. High moisture 
decreases combustibility and complicates ignition. 

2. Returning part of the sintered fines. As it is impractical to produce 100 per 
cent sinter in one operation, all the fine material below a fixed size is returned and 
resintered. The size of these “return fines” may vary from to in., and the 
amount may vary from 20 to 50 per cent, with an average of about 25 per cent for the 
intermittent systems. The addition of “return fines” increases porosity, sintering 
qualities, and thus capacity. The practice has the disadvantage of requiring double 
sintering with additional fuel consumption, and also strongly tends to increase the 
formation of undesirable iron silicates. 

3. Preparing the charge of a mixture of materials, some coarse and of great per¬ 
meability. This method of increasing the porosity is very desirable wherever it can 
be applied, e.g.^ mixing fine ores with flue dust, roll scale, etc. It is also advantageous 
to mix fine magnetic concentrate with coarser ores in the preparation of the sintering 
charge. 

Thickness of Charge. Having prepared the charge so as to obtain maximum 
porosity, we find a definite resistance to the flow of air through the cliarge, propor¬ 
tionate to the thickness of the charge and to the suction available. With the inter¬ 
mittent system, the depth of the charge varies from 7 in. with a fine magnetic con¬ 
centrate to 18 in. with the fines below % in. of a hematite ore. Economically a thick 
charge has many advantages over a thin layer, the cost of igniting -is the same, and 
less sintering fuel is needed. 

Suction. The thickness of the charge is also dependent upon the suction. Power¬ 
ful fans capable of giving a maximum suction of some 50 in. water are commonly used 
for the intermittent process. Figure 25-2 illustrates the yields obtained by Green¬ 
awalt with various suction conditions. It will be noted that, by increasing the suction 
from 17 to 40 in., the yield was increased 145 per cent. To apply high suction, it is 
obvious that the sintering apparatus must be airtight from the top surface of the 
charge to the fan exhauster. 

Time of Sintering. The time of sintering, t.c., the time required for the sintering 
zone to travel from the top surface of the charge to the grate, varies from 10 to 18 

^ Johnson, Ali.en J., “ New Horizons for Anthracite/’ Fifth Annual Anthracite Conference of 
Lehigh University, pp. 190-193, 1947. 

2 As summarized by Sweetskr, Ralph H., “Blast Furnace Practice,” pp. 90-104, McGraw-Hill Book 
Company, Inc., New York, 1938. 
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min. Experience has shown that 18 min should be a maximum; for, if more time is 
required, the portion of the charge near the grate dries out to retard the travel of 
the sintering zone. The sintering zone should travel through the charge at about 1 
in. per min. 

Proper ignition is important, and the time required to accomplish.this should not 
exceed 30 sec. Long exposure of the igniting surface to the flame dries out the 
charge and produces uneven sintering. A clean high temperature and highly oxidiz¬ 
ing flame applied instantly to every square inch of the surface produces best results. 
For this reason, it is preferable to use a high-grade fuel such as oil or natural or coke- 
oven gas instead of blast-furnacc or producer gas. 

Grates. In any downdraft sintering apparatus, the grate receives severe punish¬ 
ment. It should be self-cleaning and have a free-air opening amounting to at least 



Fig. 26 - 2 . Results obtained by applying increased suction to sintering apparatus. Con¬ 
clusions from tests: Fancy mixing, fluffing, and bedding increased sinter tonnage 18 to 20 
per cent. Vacuum in normally packed pan increased tonnage 6 per cent per inch, or from 
17 to 40 in., an increase of 145 per cent. Vacuum combined with fluffing and bedding 
increased tonnage 8 per cent, or from 17 to 40 in., an increase of 194 per cent. {John E. 
Greenawalt, baaed on testa by A, K. Walter, Blast Furnace Practice.) 

20 per cent of the total grate area. The amount of grate opening depends, however, 
on the character of the material being sintered. I'ine ores lacking in cohesiveness are 
readily drawn through the grate by the air blast. Whenever possible, it is advisable 
to place a thin layer of coarse material upon the grate; and, when sintering fine ores, 
it is advisable to place a layer of the ore upon the grate without the admixture of fuel 
or with very little fuel. This prevents the formation of highly fused sinter which 
frequently forms next to the grate. 

Cooling Sinter. Sinter should be air-cooled as, if hot sinter is doused with water, 
it becomes very brittle and breaks up easily when handled. Air-cooled sinter is much 
stronger than water-cooled sinter. Sinter made with lime-content charges should not 
be moistened. 

Fuels for Sintering. Anthracite fines are excellent fuels for sintering, as is coke 
breeze crushed to pass a 10-mesh screen. Because of availability, anthracite is the 
preferred fuel. Bituminous coal is not satisfactory because of its volatile constituents, 
which are not only wasted but cause tarry compounds which clog the pores of the 
charge to greatly reduce air flow through the bed. To obtain uniform distribution 
throughout the charge and avoid intense local temperatures, the fuel must be finely 
divided. There is not sufficient time to burn the larger particles of fuel, and the 
unbumed fuel is therefore wasted. 
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Self-fueling Ores. Ores containing 6 per cent sulphur have sufficient fuel to 
produce a sintering temperature. Blast-furnace flue dust always has an excess of 
fuel for sintering; in fact a ton of dust with 15 per cent of carbon has sufficient fuel 
to sinter tons additional of fine ore or concentrate, provided that the charge is 
properly arranged and treated with high suction. 

Quality of Sinter Desirable. Reversing earlier opinions that the strength of sinter 
is increased by silica, Greenawalt concludes that the problem is one of converting all 
kinds of ores into a sufficiently strong sinter for blast-furnace use without the forma- 




Fio. 25-3. 
magnetite. 



Effect of coal quantity, size, and moisture on sinter produced for 65-mesh 
{Stanley & Mead.) 


tion of iron silicates. The factors involved in the avoidance of iron silicates are the 
control of the temperature at which sinter occurs and the time the charge is exposed 
to this temperature, the amount of returned fines in the charge, and probably the 
presence of small quantities of basic materials in the charge. 

Hematite Results. Greenawalt reports high-suction carefully blended charges of 
red hematite ore as excellent. Sinter strong enough for blast furnaces was repeatedly 
made with per cent coke charge. Excellent sinter was made by adding 15.41 per 
cent of flue dust, so that the charge sintered contained only 2.84 per cent carbon, 
this being considerably less than one-half the amount of fuel heretofore required for 
this ore. The fines below J4 amounted to 20 per cent and were returned to the ' 
succeeding charge. A 16-in. charge was sintered in 15 min. 
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Summarization of Sintering Results 

Stanley and Mead' concluded, as a result of comprehensive tests, that the best 
quality and quantity of sinter were obtained with the following mix: 
l; 4.0 per cent coal 

2. 25.0 per cent return fines (-10 mesh + 0) (at least 18.75 per cent -10 mesh 
+ 35 mesh) 

3. 70.3 per cent magnetite (—65 mesh size) 

4. 0.7 per cent slaked lime 



Per cent return fines (minus 10 plus 35 mesh) 

Fig. 25-4. Effect of lime, sawdust, and return fines on sinter produced for 65-mesh 
magnetite. {Stanley & Mead.) 


The average test production on the above mix was 9.9 lb per min of 246 Ib/hr/sq ft 
grate area. This is slightly higher than average production in the sintering plant 
pans on —20 magnetite. 

The pilot-plant work indicated that —65 magnetite can be sintered in the sinter 
plant if close control can be maintained over the following items: (1) adequate amount 
of bedding material ( — 1 in. + in. return fines for hearth layer), (2) sized return 
fines ( — 10 mesh + 0), (3) anthracite coal (size and moisture percentage), (4) moisture 
percentage in the mix, (5) magnetite moisture content, and (6) percentage of mag¬ 
netite, coal, lime, and return fines in the prepared feed to the plant. The results 
show that a more accurate control on over-all operation will be necessary for sintering 
65-mesh magnetite than is needed at present for sintering —20 magnetite. 

^ Stanley, Alan, and Joseph C. Mead, Sintering Characteristics of Minus Sixty-five and Twenty 
Mesh Magnetite, Mining Trans. AIMEy June, 1949, pp, 181-186. 
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GAS TURBINES 

The potentialities of transforming heat into power direct, without the use of boilers 
as intermediaries, has intrigued designers for centuries, but it is only within the past ^ 
decade that practical results have been achieved. EVen now, the modem gas turbine 
is a combination of basic elements which has been known for years but which could 
not be economically or advantageously combined because their degree of individual 
perfection had not reached the point of perfection demanded by the acceptable gas 
turbine. 

In its basic form, the gas turbine consists of a turbine into which hot gases of com¬ 
bustion are introduced as a motive force after having been compressed by a part of 
the power available from the turbine. Actually this simple cycle is subject to many 
refinements of multiple combustion chambers, intercoolers, regeneration, reheat, etc., 
all designed to improve effectiveness and efficiency. Further, as the gas turbine is 
still definitely in the experimental stages, despite several very successful applications, 
no pattern of design has as yet emerged which can be considered standard. Table 
25-3 as compiled by Power lists the elements and performance of most of the known 
gas turbines and thus serves to show results with several combinations. 

Advantages of Gas Turbines. For each application the gas turbine presents differ¬ 
ent characteristics and different advantages. It is compact for locomotives and does 
not require water; it increases the available power for ships; it drives airplanes faster; 
and for power plants it is complete within itself without major auxiliaries. For 
process industries, it is a compressor or expander, a waste saver, or a heat absorber. 

A further advantage lies in the fact that the power of a gas turbine increases rapidly 
as the inlet-air temperature to the compressor drops. Thus the aviation gas turbine, 
operating in the bitter cold upper atmosphere, is at a distinct advantage. In Arctic 
climates, the absence of both steam and water eliminates freezing, and, in fact, the 
colder the weather, the better it works. 

Other advantages are light weight, compactness, simplicity, and the absence of 
reciprocating parts. 

Adaptability to Various Fuels. As the gas turbine operates on the heat in the gases 
of combustion from the fuels, the source of such heat is immaterial. Thus, as far as 
the turbine is concerned, any gaseous, liquid, or solid fuel may be used with virtually 
the same results. Actually, however, when coal is used a fly-ash separator must be 
inserted between the combustors and the turbine. The resultant increased pressure 
drop will lower the efficiency somewhat. 

Gas Temperatures. The gas turbine can increase the output of a diesel engine by 
as much as 50 per cent when operating as a supercharger with temperatures not 
exceeding 1000®!'. However, as a prime mover, the field for gas turbines is very 
narrow below 1000° and should be at least 1100°F for practical application. As ther¬ 
mal efficiency increases rapidly with increased inlet temperatures (16 to 18 per cent at 
1000°F; 30 per cent at 1200°F), it is highly advantageous to design gas turbines for as 
high inlet temperatures as is permitted by the materials of turbine construction. At 
1500°F it is estimated that gas turbines will have thermal efficiencies surpassing those 
of the diesels (thermal efficiency of diesels usually 30 to 34 per cent; steam turbines 
20 to 25 per cent or 30 in most efficient central stations). 

Analyzing Turbine Performance^ 

In analyzing the performance of the various gas-turbine cycles, it is necessary to 
take into account three factors: (1) the efficiency, (2) the air rate, and (3) the work ratio. 

1 Sawyer, R. Tom, “The Modern Gas Turbine,*’ Prentice-Hall, Inc., New York, 1945. Reprinted 
by permission. 
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The efficiency of the cycle determines the effectiveness with which heat is used; it 
is defined as the ratio of net power output from the prime mover to the external heat 
supplied to the combustion chambers. 

The air rate, expressed in pounds per horsepower per hour, is analogous to the steam 
rate of a conventional turbine plant and represents the quantity of fluid per unit of 
power output. 

The work ratio represents the proportion of total installed turbine power usefully 
delivered to the shaft. A plant operating with a work ratio of 0.4 develops 400 hp 
for each 1,000 hp of installed turbine capacity, the remaining 600 hp being used to 
supply the compression and to overcome the parasitic losses. 

The air rate, by its measure of the amount of air required, and the work ratio, by 
its measure of the amount of power required, are useful in judging the amount of 
equipment necessary for the plant as a whole. The ideal would be high efficiency, 
low air rate, and high work ratio. 

In general, the air rate will range between 60 and 75 at 1200°F; 46 and 60 at 1350°F; 
and 37 and 52 at 1500°F (1-0-nr cycle). 

The work ratio will range between 25 and 40 at 1200°F; 33 and 45 at 1350°F; and 
37 and 50 at 1500°F (1-0-nr) cycle. 

Nomenclature of Gas Turbines. A method of describing gas-turbine cycles, 
originally suggested by A. I^ysholm, chief engineer, Aktiebologet Ljungstrom Angtur- 
bin, Sweden, consists of a three-number designation. The first number represents 
the number of combustion chambers, which is equal to the number of turbine expan¬ 
sions; the second number is the number of intercoolers, which is equal to the number 
of compressor stages less one; the third number represents the effectiveness of the 
regenerator or air preheater in the system. Thus 2-1-0.75 refers to a turbine system 
with two combustion chambers or turbine expansions, one intercooler between two 
compression stages, and a regenerator efficiency of 0.75. 

Description of Components 

Heat Exchanger or Regenerator. This is a radiator heat exchanger placed in the 
path of the exhaust gases from the turbine to transfer a part of their heat to the 



Fig. 25-5. Arrangement of components of gas turbine. G = generator; Ti = high- 
pressure turbine; T 2 = low-pressure turbine; F = fireboxes (combustors); Ai = low- 
pressure air compressor; A 2 = high-pressure air compressor; R = regenerator; I = inter¬ 
cooler. 

incoming cool air. They may bo designed for any degree of effectiveness; in general, 
this is decided by weight and space considerations, small (or none) for aviation, 
medium for locomotive and marine, and large for stationary service. 

Intercoolers. Intercoolers are air-to-air heat exchangers placed between the 
compression stages to increase the efficiency of compression. 

Reheaters are supplementary combustion chambers placed in the path of the hot 
exhaust gases between the successive turbine stages to improve the results from the 
succeeding stages. 
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The first stage of intercooling may be expected to improve optimum performance 
5 to 6 per cent, the first stage of reheat an additional 7 to 9 per cent. Further stages 
will improve performance but at a diminishing rate,. (See Figs. 25-5, 25-6.) 
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Fig. 25-6. Arrangement of components for gas-turbine locomotive. {Bituminous Coal 
Research, Inc.) 


Table 25-1. Operating Conditions, Gas-turbine Combustors^ 



Locomo¬ 
tive unit, 
as tested 

Typical 

aircraft 

engine 

Outlet-gas temp, deg F . ... 

1300 

1500 

Temp rise, deg F 

800 

1100 

Pressure, psia 

87 

60 

Air flow per chamber, Ib/soc 

15 6 

9 

Fuel 

Bunker C 

Kerosene 

Pressure drop (impact to impact), per cent 

6 

4 5 

Combustion efficiency, per cent 

98 

98 

Max exhaust temp, starting, deg F . 

900 

1500 

Heat release, Btu/hr/cu ft X !(>• 

5.9 

13 


1 Buckland, Bruck O., and Donald C., Berklky, “Combustion System for Burning Bunker C 
Oil in a Gas Turbine," ASME Paper, 48-A-109, annual meeting, December, 1948. 


Table 26-2. Effect of Air and Inlet Temperatures^ 

(Pressure ratio 6:0) 


Turbine 
inlet 
temp, 
deg F 

Air 
inlet 
temp, 
deg F 

Cycle designation 

1-0-0 

1-0-0.75 

2-0-0.75 

2-1-0.75 

1200 

100 

23 3 

22 1 

26 6 

30 5 


70 

21 9 

25.2 

29 1 

32 6 


40 

23 4 

28.2 

31 6 

34.6 

1500 

100 

24 3 

31 1 

33.8 

36 5 


70 

25 2 

33 4 

35 7 

>38 1 


40 

26 1 

35.6 

37 5 

39.7 


* Reprinted by permission of Prentice-Hall, Inc., from “The Modern Gas Turbine," 2d ed., by R. 
Tom Sawyer, copyright 1945 by Prentice-Hall, Inc. 
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Table 36-8, Design Survey of Gas Turbines^ 


Location 

Builder 

Status 

Remarks 

Experimental and Shop Units 

1. U.S. Naval Engineering and Experimental Sta- 




tion, Annapolis, Md. 

AC 

1944 

Turbines in parallel 

2. Boeing Airplane Co., Seattle, Wash 

DL 

T 

Turbines in series, 2,500 




rpm 

3. DeLaval Steam Turbine Co., Trenton, N.J 

DL 

T 

Marine design, reversible 

4. DeLaval Steam Turbine Co., Trenton, N.J . 

DL 

C 

3-stage output turbine 

5. John Brown Co., Ltd., Clydebank, Scotland 

JB 

1948 

Designed by Pametrada 

6. Brush Elec. Eng. Co., Loughborough, England 

BE 

c 

Stator cooling 

7. English Elec. Co., Ltd., Kugby, England 

EE 

1944 


8. Metropolitan-Vickers, Trafford Park, England 

MV 

1949 

Power plant for M-V works 

9. C. A. Parsons Co., Ltd., Heaton Works, England 

P 

T 


10. Pametrada (experimental marine unit) . 

PT 


Components by various 




firms 

11. Ruston & Hornsby. Ltd., Lincoln, England 

RH 

1949 


12. Escher Wyss, Ltd., Zurich, Switzerland.. 

EW 

1939 

9-stage low-pressure com- 




I)ressor 13-stage high- 
pressure 

13. Machinenfabrik, Oerlikon, Zurich, Switzerland 

0 

1947 


14. Sulzer Bros, Ltd., Winterthur, Switzerland 

S 

1948 

Closed part of cycle 4:1 

15. Sulzer Bros, Ltd., Winterthur, Switzerland 

s 

1945 

16. !filectricit6 de France, Vitry, France. 

M 

T 

Test plant, Vitry steam 




station 

17. Cie Eloctro-M4canique, Le Bourget, France 

EM 

T 

Only high-pressure elements 




survive 

18. SEMA and SIGMA, Venissieux, Rh6ne, Franco 

SM 

1949 

Output turbine by Alsthom 

19. Laboratoires Turbine & Gas, St. Denis, France 

T 

1949 

Turbine only, compressed 
air 


Stationary Units 


20. Tennessee Gas Transmission Co., Moorehead, Ky 

CF 

1^ 

To drive pipe-line com- 




pressor 

21. Huey Sta. Okla. Gas & Elec Co., Oklahoma C'lity 

GE 

1949 

Exhaust heats feed water 

22. Farmingdale Sta., Central Maine Power Co" 

GE 

1949 

Replaces steam unit 

23. Bangor Hydroelectric Co., Bangor, Me. . 

GE 

1950 

Supplements hydro system 

24. Public Service Co. of Oklahoma (2 units) 

GE 

1950 

25. Mississippi River Fuel Corp., pipe line (test) . 

W 

1946 

Locomotive prototype 

26. Carolina Port Sta., N. Scotland Hydro Bd 

JB 

1950 

Under Escher Wyss license 

27. Trafford Sta., British Electricity Authority 

MV 

1950 

28. Dunston Sta., British Electricity Authority 

P 



29. National Gas-turbine Estab., Pyestock, England 

P 



30. Municipal Elec. Supply, Neuchatel, Switzerland 

BB 

1939 


31. Anglo Iranian Oil Co., Agha-Jari, Iran (2 units) 

BB 

1949 

Fuel gas expanded sepa- 




rately 

32. Corp. Peruano del Santa, Chimbote, Peru . 

BB 

1948 

Stand-by unit 

33. Filaret Station, Bucharest, Rumania 

BB 

1948 

34. Santa Rosa Sta. Lima Lt. Pwr. & Trwy. Co , Peru 

BB 

1949 

Base-load unit 

35. C. A Venzolana de Cementos, Caracas (2 units) 

BB 

1949 


36. Raymond Archache & Co., Alexandria, Egypt 

BB 

1949 


37. Beznau Sta. North East Power Co., Switzerland 

BB 

1948 

Winter backup of hydro 

38. Beznau Sta. North East Power Co., Switzerland 

BB 

1949 

Double flow low-pressure 

39 St. Denis Sta., Electricit6 de France, Paris 



turbine, compressor 

EW 

1949 

Last 2 compressor stage, 




centrifugal 

40. Weinfelden Sta. North East Power Co., Switzer¬ 




land . 

S 

19.50 

Winter backup of hydro 

41. I5lectricit4 de France, Paris, France 

M 

1949 

42. Rheims Sta. Electricity de France, Rheims 

SM 

1950 


43. St. Denis Sta. Electricity de France, Paris 

R 




Note: Symbols are grouped on pp. 869 and 872. 
^ Power, August, 1949. 
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Table 25-8. Design Survey of Gas Turbines— (Contmited) 


Location 

Builder 

Status 

Remarks 

Locomotive Units 



44. Loc. Dev. Com. Bituminous Coal Research, Inc . 

AC 

1949 

American Locomotive Co., 
to build chassis 

4.'i. Loc. Dev. Com. Bituminous Coal Research, Inc 

E 


Baldwin Locomotive to 
build chassis 

46. Atchison Topeka & Santa Fe Railway Co . 

E 


Baldwin Locomotive to 
build chassis 

47. General Electric Co., Schenectady, N.Y . 

GE 

1948 

Union Pacific to test 

48. Westinghouse Electric Co., Philadelphia (2 units). 

W 

1949 

4,000-hp demonstrator lo¬ 
comotive 

49. British Railways, western region . 

MV 

1950 


50. Swiss Federal Railways. 

BB 

1941 

Over 100,000 miles, 7,000 
hr 

51. British Railways, western region. 

BB 

1949 


52. Brown, Boveri Corp. (experimental unit) . 

BB 

T 

Unit has “Comprez” 


Marine Units 


53. U.S. Navy (2 units, vessels unidentified) 

54. U.S. Maritime Commission (merchant vessel) 

E 

C 


55. Anglo-Saxon Petroleum Co , tanker Auris 

BT 

C 

Replaces 1 of 4 diesels 

66. British Admiralty (“Captains” class frigate) . . 

MV 

1947 


57. British Admiralty (motor gunboat MGB-2009) 

MV 

1947 

First gas turbine used at 
sea 


Explanation of Symbols in Tables 2S-3 and 26-4 
Builders of Gas Turbines: 

AC: Allis-Chalmers Mfg. Co., Milwaukee, Wis. 

B; Boeing Airplane Co., Seattle, Wash. 

BB: Brown, Boveri & Co., Ltd., Baden, Switzerland 

BE: Brush Electrical Engineering Co., Loughborough, England 

BT: British Thomson-Houston Co., Ltd., Rugby, England 

CF: Clark Bros, Co., Inc., Clean, N.Y. (manufacture), and Frederic Flader, Inc., North Tonawanda, 
N.Y. (design and development) 

DL: DeLaval Steam Turbine Co., Trenton, N.J. 

E: Elliott Co., Jeanette, Pa. 

EE: English Electric Co., Ltd., Rugby, England 
EM: Cie lillectro-M<^canique, Le Bourget, Seine, Franco 
EW: Escher Wyss Engineering Works, Zurich, Switzerland 
GE: General Electric Co., Schenectady, N.Y. 

JB: John Brown & Co., Ltd., Clydebank, Scotland 
M: Designs by Ernest Morcier and associates; builders unidentified 
MV: Metropolitan-Vickers Elec. Co., TralTord Park, England 
O: Maschinenfabrik Oerlikon, Zurich, Switzerland 
P: C. A. Parsons & Co., Ltd., Newcastle-upon-Tyne, England 
PT; Design by Pametrada (Parsons and Marine Engineering Turbine Research and Development 
Association); components by various firms 
R: Socifit6 Rateau, Comeuve, France 
RH: Ruston & Hornsby, Ltd., Lincoln, England 
S: Sulzer Bros., Ltd., Winterthur, Switzerland 

SM: Research and development by SEME (Society d’Etude Mfecaniques et Energetiques) and manu¬ 
facture by SIGMA (Society Industrielle Generale de M^canique Appliqu6e) of Lyons-Venissieux- 
France 

T: Turbomeca, Bordes par Pan, Basses Pyr^n6es, France 
W: Westinghouse Electric Corp., Philadelphia, Pa. 


Symbols for Status: 

B: Order booked 
C: Under construction 
Cycle: 

C: Closed cycle 
EP: Equipressure cycle 
FP: Free-piston cycle 


O: Operating 
T: Under test 

O; Open cycle 
S: Semiclosed cycle 


{Continued on page 872 ) 
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Note: Numbers at left refer to same numbered turbines in Table 25-3, Symbols follow this table. 
^ Powerj August, 1949. 
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Explanation of Symbols in Tables 20-3 and 20-4 (Continued) 

Combustor Type: 

C: Special design for burning pulverised coal 
D: Double (two combustors in parallel) 

M; Multiple (usually six or more combustors in parallel) 

S: Single 

Compressor Type: 

A: Axial 
C: Centrifugal 

Fuel Type: 

C: Pulverized cob 
BO: Bunker C or I 
D: Distillate 
DO: Diesel oil 

Footnotes: 

« Stated in cfm/hp-hr 
^ Stated in Ib/sec at design rating 
« Stated in Ib/kwhr 
Vortex blading 
* Stated in Ib/hp-hr 
/ Average at 1050°F inlet temperature 
» Btu/cu ft 

« Two stages of centrifugal compression in one casing 
" Similar unit reported sold, unidentified 
p Compounded 

General Notes: 

Temperature: for all but free-piston plants, this may be taken as the cycle temperature. For free- 
piston units it is temperature of gas exhausted from compressor to inlet of output turbine. 

Pressure Ratio : This is approximate over-all pressure ratio for cycle. ]*rcssure ratios for individual 
compressors are given under Compressors. 

Shaft Speed : Lack of space makes it impossible to identify the shafts. 

Cycle Arrangement: By studying data on number of turbines, compressors, intercoolers, heating 
stages, etc., it is possible to form a good idea of cycle. 

Regenerators: Where regenerator is used, but its effectiveness is not known, it is indicated by a 
question mark (?) 

Heating Value : Heating value is net or lower value unless marked, as 18,000 Btii. 

Thermal Efficiency : Where heating value is on lower basis, efficiency is also, and vice versa. Values 
are calculated unless indicated as test data, as 29.5T. 

Work Ratio: Defined as ratio of cycle net work output to total work developed in turbine. 

Air Rate: Amount of air entering compressor inlet i>er unit of cycle net output. Units as designated 
(see footnotes). 

Engine Efficiency : Defined as ratio of work actually developed by turbine expanding hot gases through 
given pressure range to work that would be yielded by ideal adiabatic expansion. 

Compressor Efficiency: Defined as work required for ideal adiabatic air compression through given 
pressure range to work actually needed for compressor. 


L: Lysholm 
M: Mixed-flow 


boiler oil 


GO: Gas oil 
K: Kerosene 
NG: Natural gas 
O: Oil, unspecified 


Table 26-6. T 3 rpical Heat Balances for Three T 3 rpes of Locomotives^ 



Modern coal-fired 

Coal-fired gas- 

Diesel-electric 


steam locomotive 

turbine locomotive 

locomotive 


Btu/rail 

Per cent 

Btu/rail 

Per cent 

Btu/rail 

Per cent 


hp-hr 

of total 

hp-hr 

of total 

hp-hr 

of total 

Useful work. 

2,545 

6 7 

2,545 

20 0 

2,545 

26 4 

Exhaust . 

19,700 

51 7 

9,200 

72.3 

3,235 

33.4 

Boiler losses. 

11,950 

31 3 





Cylinder radiation. 

2,210 

5 8 





Machine friction . 

470 

1 2 





TransTTiisninn lonans. 



S60 

4.4 

560 

5.8 

IjiibriRAting oil. ,. 



76 

0.6 


Cooling water. 





3,160 

32 7 

Auxiliaries. 

1,260 

3 3 

344 

2.7 

165 

1.7 

Heat input, Btu/hp-hr. 

38,135 

100.0 

12,725 

100.0 

9,665 

100.0' 

Train thermal eflSciency (18 cars, 







n®F, fiO mph) per cent. .. 


12.0 


45.0 


38 0 

Cost/hr (coal 15ff, oil 60ff/million 






Btu). 

$18.60 


• $4.95 


$19.50 









^SiLLCox, L. K., New York Air Brake Co., “Patterns of Power,” pp. 5, 6 , MIT, Mar. 17, 1948. 
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DUAL-FUEL INTERNAL-COMBUSTION ENGINES^ 

Internal-combustion engines are available which burn gaseous fuels and fuel oil. 
These operate on the full diesel cycle, whether on gas or fuel oil, and are immediately 
convertible from one fuel to the other. 

The dual-fuel engine may be properly applied any place where gas is available, nor 
does the gas supply need to be constant and certain. In fact, this very feature enables 
use of the dual-fuel engine to obtain a better gas rate, as the contract may be arranged 
for cutoff should the gas company find it inconvenient to supply gas because of weather 
conditions or other factors. 

The dual-fuel engine has been widely applied to municipal and industrial plants and 
to a lesser degree in sewage plants and on oil-field drilling rigs. 

Automatic cutover from one fuel to the other is simple and practical where desired. 

Figure 25-7 shows savings in dollars per year per 1,000 hp for various fuel prices 
for dual-fuel engines in comparison with spark-ignition gas engines and oil diesels. 

Among claims made for dual-fuel engines are higher efficiency and increased power 
for a given size than from a straight gas engine. 

USE OF ANTHRACITE AS METALLURGICAL AND CUPOLA FUEL* 

The function of fuel in an iron blast furnace is to furnish carbon monoxide for the 
reduction of the iron ore in the upper parts of the furnace and to provide more than 
enough heat, together with the heat brought in by the hot blast, to melt all the iron 
when reduced and to melt all the slag produced by the flux, the gangue of the ore, and 
the ash of the fuel. Since the fuel is the only solid of all the solid materials fed into 
the top of a blast furnace that reaches the tuyeres, it is desired that the fuel be firm 
enough to withstand not only abrasion and crushing, but also the action of gases and 
molten slag and iron. Anthracite has this firmness to a greater degree than any 
other fuel. Here again, the question of resistance to thermal shock and thermal 
decrepitation becomes an important factor, and the research of The Pennsylvania 
State College is a reference. Since the loss of a major portion of this market to 
other fuels, many technological changes have come about and there is reason to 
believe that technological advances could be made which would recapture this market 
in the primary anthracite market area. Considerable work has been done by Brown 
and reported in the Transactions of the Third and Fourth Annual Anthracite Conferences 
at Lehigh University. Egg-size anthracite has been used for this work. 

During the years 1854 to 1874 anthracite was in first place as a metallurgical fuel 
in the United States; in 1938 only 205,000 tons were so used. While there were 
several reasons for this virtual abandonment of the use of anthracite, it is of utmost 
importance that a full technical knowledge of the use of fuels in such metallurgical 
processes as cupolas was not gained until anthracite had ceased to be an important 
fuel. Present-day technicians are thus generally without personal observations on 
the relative advantages and disadvantages of anthracite, or on equipment manipula¬ 
tion that might permit its use advantageously. Sweetser® points out that “no blast¬ 
furnace man has yet used anthracite imder as favorable conditions as he uses by¬ 
product coke. Until that time comes no satisfactory comparison of these two blast 
furnace fuels can be made.” He continues by pointing out that the reactivity of 
anthracite lies about midway between charcoal and coke. The average reducing 

1 Abstracted in Power, March, 1949, from “Status of Dual-fuel Engine Development,” SAE paper, 
by Ralph L. Boyer, Vice-president, The Cooper-Bessemer Co., annual meeting, Detroit, January, 
1949. 

2 Kerrick, J. H., research engineer, The Philadelphia & Reading Coal & Iron Co., Philadelphia, 
Pa., September, 1949. Sweetser, Ralph H., Anthracite as a Metallurgical Fuel, Trans. 2d Ann. 
Anthracite Conf. Lehigh Univ,, p. 101, 1939. Brown, J. F. K., Observations on the Use of Anthracite 
in Cupolas, Trans. 3d and 4^th Ann. Anthracite Conf. Lehigh Univ., p. 193, 1940; p. 67, 1941. 

> Op cit. 
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power of anthracite (amount of CO 2 reduced to CO under comparable conditions) is 
67 per cent, with initial reaction temperature of 1061®F; the average reducing power 
of five coke samples under the same conditions (1652 to 1742°F) was 22 per cent with 
an initial reaction temperature of 1319®F. 

This quality is extremely important in the consumption of blast-furnace fuels in 
the so-called combustion zones in front of the tuyeres. In coke furnaces, such zones 
have been well marked and explored, but not until anthracite had ceased to attract 
attention as a fuel. Another advantage of anthracite is that a piece of given size 
contains twice as much carbon as coke. 

A good blast-furnace fuel must be low in ash; (1) the more ash the less carbon; (2) 
the more ash the more flux is required to flux the ash which is not released imtil the 
fuel is completely gasified at the tuyeres. 

Brown* published comparative results between runs in a 36-m. cupola on coke and 
on anthracite (see Table 25-5). The following general conclusions and advantages 
and disadvantages were from this work. 

Anthracite vs. Coke in Cupolas 

1. Considerable improvement was obtained as experience with anthracite was 
acquired. 

2. Observation indicates that anthracite acquires the so-called advantages of coke, 
porosity, change of carbon surface, and minimum of volatile. 

Table 26-6. Comparison of Coke and Anthracite as a Cupola FueB 



Coke 

1 

Anthracite 

Size of furnace, in 

Number of tuyeres 

36 

36 

4 

4 

Size of tuyeres, total sq m 

144 

20 

Air volume, cfm . 

2,500 

1,800 

Air pressure, oz 

6.8 

13 

Bed height, in... 

36-40 

20-24 

Bed fuel, lb .... 

840 

900 

Charging ratio.. 

9.4:1 

10 1 

Intermediate charge, lb 

160 

100 

Total fuel (18,000-lb heat) 

2,600 

2,570 

Size fuel 

Tiarge and small 

Egg 

Metal to charge doors, lb 

4,500 

6,000-7,000 

Time over spout, min 

8 

7 

Time first 1,500-ib metal 

21-22 

23-24 

Avg temp metal, deg F 

2,640 

2,720 

Melting rate/hr. 

3 2 

3.0 

Metal analysis: 

Total carbon, per cent 

3 44 

3.46 

Combustion, per cent 

0 69 

0.80 

Silicon, per cent 

1 69 

1.57 

Sulphur, per cent 

0 14 

0.14 

Phosphorus, per cent 

0 49 

0.35 

Manganese, per cent 

0 41 

0.35 

Tensile strength, psi 

32.000 

33.500 

Transverse strength, psi 

2,000 

2,070 


1 Brown, J. K. F., Observations on the Use of Anthracite in Cupolas, Trans. 3d and Aih Ann. Anthra- 
cite Conf. Lehigh Univ., 1940, 1941. 

3. With anthracite, mechanical and thermal shock take place to a small extent. 
Breakage aids combustion by exposing more surface. 

4. Melting speed was low for this sized cupola (36 in.). Brown felt that this was a 
foundry problem, with neither the fuel not the cupola at fault. Melting speed is a 
matter of air volume and size of fuel, but with air volume must go equal air distribution. 

1 Op cit. 
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5. Neglect of the effect of the two factors in anthracite, density and size, may 
reduce production and fail to heat the metal properly. However, when density and 
size are properly considered, results at least equal to coke may be expected. Quantity 
of fuel, air volume, and penetration of air through the coke must be readjusted for 
anthracite, but no material changes in design or practice are required. 

6. Density means more carbon to use in less space. This can be solved by lowering 
the fuel-bed height, distance above the tuyere to the melting zone. 

7. Small-sized coal means smaller air voids in the fuel bed. This can be solved by 
smaller tuyeres. 

8. Density and small coal together mean slow first taps. This was solved by 
shutting the charging door. 

Advantages of Anthracite. 

1. 7,000 lb metal per charge in the cupola tested (36 in.) as compared with 4,500 
lb coke. Charging labor is saved. 

2. Clean metal without using fluxes, up to 20,000 lb cast, owing to high melting 
point of anthracite ash. Saves limestone. 

3. Minor constituents in anthracite ash improve quality of metal. Sulphur, for 
example, in anthracite can be partly volatilized; in coke it is fixed. 

4. Metal has the quality of retaining its heat. This was an advantage previously 
claimed for anthracite metal when anthracite was the leading fuel. Results in low 
loss of castings from cold pouring. Brown reported only 3,000 lb lost out of 1,750,000. 

5. Higher melting ratios with anthracite than 10:1 seem possible; coke experts 
advocate 8:1. 

6. First taps are always hot and useful. Many foundries throw away half of their 
first metal as too cold. 

Difficulties and Disadvantages of Anthracite. 

1. These are almost entirely ones of the distribution of air due to small-sized fuel. 
This is the same problem that faces blast-furnace operation, boiler plants, etc., where 
the difficulties of placing the air at the right place, at the right quantity, at the right 
time are paramount. Experimentation should furnish the solution, as by: 

a. Determining the factors and principles that govern air distribution for various 
sized coals and various sized cupolas. 

b. Using larger sized coal with greater voids. 

c. Using a clearing flux more liquid than limestone, which would keep the voids 
more open. 

Air Required for Blast Furnaces. In the blast-furnace industry it is common to 
assume that anthracite requires three and a half times the quantity, velocity, and 
density or compression of a blast necessary and proper for charcoal and that coke 
requires two and a half times as much as charcoal. Sweetser^ feels that this is highly 
erroneous and points to the fact that it was originally derived from a patent filed by 
Geissenhainer for the application of anthracite coal as long ago as 1883. 

In Sweetser’s own experience, in the same blast furnace, smelting the same ores, 
to make the same kind of Bessemer pig iron, and using the same blowing engines, 
it took 1.44 times as much air blast by volume to burn 1 lb beehive coke as to burn 
1 lb charcoal.2 Kreisinger^ found that anthracite required only 95.6 per cent as 
much air for combustion as coke. In practice Sweetser found that it requires approxi¬ 
mately the same volume of air to burn anthracite as to burn coke in the same blast 
furnace. 

1 SwEETSEB, Ralph, H., ** Blast Furnace Practice,” pp. 146—147, McGraw-Hill Book Company, 
Inc., New York, 1938. 

* Trana. AIMS, vol. 39, p. 228, 1909. 

8 U,S, Bur. Mines Tech. Paper 137, p. 54. 
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PENNSYLVANIA ANTHRACITE (ANTHRAFILT) AS A FILTER MEDIUM^ 

Since Pennsylvania anthracite is essentially a carbon and hence more nearly 
chemically inert than other substances used in filters, it is well suited for many 
filtration processes. Its conchoidal fracture produces a particle which has the most 
desirable shape for filter use; its low specific gravity and angular particle shape make 
possible longer filter runs and more effective filter-bed washing at lower backwash 
rates. Filter capacities have been increased from 25 to 100 per cent through the use 
of anthracite as a filter medium. 

Pennsylvania Eftithracite is used in municipal filters, power-plant filters for the hot- 
process softening of waters and for oil removal from boiler condensates, swimming- 
pool filters, filters for clarification of chemicals, and sewage filters. 

In the preparation of AnthrafiUy^ care is given to the selection of a low-ash material 
with the optimum particle shape; the most important single factor involved is the 
manufacture of the correct particle size to meet the conditions of filter use and design. 

Preparation of Anthracite. Since all Pennsylvania anthracites are not equally well 
suited for use in filters and since quality, particle shape, and particle size are critical 
factors in all anthracites that are suitable, the term Anthrafilt has been used to 
designate Pennsylvania anthracite that meets all requirements for successful use in 
filters. 

The first step is the selection of a coal that will yield a particle free from small 
fracture cracks and possessing the best shape. The particle must be strong enough 
to withstand years of backwashing without breaking into smaller grains; its shape 
should be longer than it is wide but should not be extremely thin. 

This anthracite must bo cleaned to a low ash product, and to the desired particle 
size. It has been found that three fine sizes fit most cases. 

Properties of Anthracite and Sand. Silica sand is the prevailing filter medium in 
industrial and municipal water filters. It is composed almost entirely of Si02. It is 
insoluble in most acids but reacts readily with alkalies. The particle shape is usually 
rounded. It weighs approximately 100 lb per cu ft. 

Aside from mineral matter associated with it, anthracite is essentially a carbon and 
hence is neutral in its behavior with acids and alkalies. The mineral matter asso¬ 
ciated with anthracite is composed of about 60 per cent silica, the remainder being 
oxides of aluminum with minor amounts of magnesium, calcium, and iron. The 
particle shape is sharp, angular, and flat. It weighs about 50 lb per cu ft. 

The particle charge on silicas is negative, and so likewise is the particle charge on 
crushed anthracite. The charge on silica sand is weak, however, compared with 
the strong charge on anthracite. 

In the removal of solids from liquids by drainage beds, filters act as entrapping 
agents rather than as strainers. The water or other liquid is usually treated with a 
coagulant which agglomerates the solid particles, many of which are so small that they 
would pass through an ordinary filter. Since the degree of entrapment is directly 
proportional to the surface exposure of the filter medium, the sharp angular particle 
of Anthrajilt is more efficient than the same size sand having a spherical shape. In 
practice it has been found that Anthrajilt having an effective size of 0.70 mm and a 
uniformity coefficient of less than 1.60 removes the same amount of solids as does a 
rounded silica sand with an effective size of 0.45 mm and a uniformity coefficient 
of 1.60. 

For many years the average sand size used in filters has been one with an effective 
size of 0.45 mm and a uniformity coefficient of less than 1.60. Recently, however, 

1 Turnkr, H. G., Ind. Eng. Chem., vol. 3.5, p. 14.5, February, 1943, 

s Trade-marked name for anthracite specially prepared as a filtration medium, Anthracite Equipment 
Corp., Wilkes Barrc, Pa. 
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there has been a trend toward a coarser particle size. One of the limiting factors has 
been that most filters are not designed with a wash-water velocity high enough to 
produce the necessary degree of bed expansion when the filter is backwashed. 

Hulbert^ showed that 50 per cent expansion of a filter bed is desirable for effective 
washing of a filter. Because of the light weight of Anthrafilt, a 50 per cent expansion 
is possible without increasing backwash velocities, even when the particle is con¬ 
siderably coarser. 

As compared with a fine filter medium, a. coarse one will give longer runs between 
backwash periods, will not clog so readily with fibrous turbid matter, will release the 
dirt on grains with greater ease when backwashed, will have less head loss through 
the filters, and will permit higher filtration rates. 

Since Anihrafdt of coarse size is as efficient in turbid-matter removal as finer sand 
and weighs half as much, it can obviously be substituted for fine sand without detract¬ 
ing from a high degree of bed expansion under the same backwash velocity as used with 
fine sand. 

Because of the carbon composition of AnthrajUtf it does not react chemically with 
the turbid matter which envelops the grains during filtrations; hence the filter particles 
are more readily cleaned under routine backwashing, and with proper filter design the 
particles will never coat with salts such as those of lime, iron, and manganese. Sand, 
on the other hand, often coats so badly that it has to be discarded because of filter-bed 
cementation or because the sand particle becomes so heavy that it can no longer be 
lifted by the backwash water. 

Where water is treated with lime in cold-process softening, silica sand becomes 
badly coated with layers of lime that cannot be removed by mechanical means because 
of the chemical reaction between the acid silica and the alkaline lime. 

Where hot-soda process softening is used, as in boiler-water treatment, the hot 
alkaline waters dissolve the silica sand and impart a silica scale to boiler tubes which 
is difficult to remove. A small amount of silica is leached out of Anthrafilt^ under 
these conditions, but after the first few days of operation the effluent is practically 
free of silica. Mercerizing plants have also found Anthrafilt advantageous in the 
filtration of caustic soda. It can be seen also that Anthrafilt is advantageous in the 
filtration of many chemicals which would react with other filter mediums. 

Swimming-pool filters have used Anthrafilt with marked improvement over sand. 
The turbid matter of swimming pool filters is largely fibrous, being composed chiefly 
of lint and hair. This kind of turbid matter clogs fine sand in a few hours but does not 
clog coarse Anthrafilt. Furthermore, swimming pool filters are usually provided with 
a low wash-water velocity which is not very effective with the relatively heavy 
silica sand. 

Lake waters are commonly infested with algae during spring and autumn. At 
such times, Anthrafilt filters still give long ruas,^ whereas runs through sand arc so 
short as to be serious in the reduction of plant capacity. 

^ In the removal of emulsified oil and turbidity from boiler-feed condensate, Anthra- 
filt has been found very effective. Coagulants such as alum, ferric sulphate, or 
ferrous sulphate are added and produce spongy gelatinous masses which are easily 
removed without clogging the coarse Anthrafilt filter bed. 

In the removal of iron and manganese salts from municipal water supplies, Anthra- 
fiU has been more effective^ than sand is spite of the fact that, it is commonly believed, 
a sand must be coated with iron or manganese oxides to be effective; Anthrafilt 
apparently does not coat. 

1 HuijBGRT, Roberts, J, Am, Water Works Asso., vol. 34, p. 1045, July, 1942. 

^TtiSNBR, H. G., and G. S. Scott, Combustion, vol. 5, No. 11, p. 23, 1934. 

8 Palmer, C, E., J, Penna. Water Works Operators' Assoc,, vol. 11, p. 91, 1939, 

* Cook, A. T., Water Works Eng., September, 1933. 
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Combination Anthrafilt and sand beds are feasible only where the filter is provided 
with agitation devices to be used during backwashing. It has been found that, a 
layer of the turbid matter forms at the junction of the sand and Anthrafilt, and Jbhis 
can be removed only by agitation during backwashinfe. 

Where sand combinations are used, the total filter-bed depth should be made up 
50 to 66 per cent Anthrafilt for best results. 

FIRING CERAMIC PRODUCTS^ 

Types of Kilns. Kilns for heating clay ceramics to temperatures of maturity are 
divided into general types of periodic and continuous. In the periodic the relative 
position of fires and ware is stationary, and firing is periodic and not usually regen¬ 
erate; of the continuous kilns, the fires are movable and the ware is stationary in the 
so-called continuous type, while in the tunnel type the fires are stationary and the 
ware is movable. In both the firing is continuous and stored heat is utilized. Muffles 
are used to shield some wares from contact with the products of combustion. 

Variation in Clays. The clays used vary considerably in characteristics; some are 
susceptible to damage by slight variations of the atmosphere in the kiln, whereas 
others arc not affected deleteriously by large changes of atmosphere. This applies 
notably to the oxidizing or reducing character of the gas that enters the kiln, sulphur 
and chlorides in the gas, and particles of ash and combustible borne by the gas. 

General Fuel Reqidrements. Basically the following applies in the selection of a 
fuel for kilns: (1) Substances that can harm the ware by direct contact must be absent; 
such substances are constituents of the ash, sulphur, and chlorides. (2) Properties / 
that facilitate exact control of the operation of kilns are desirable; such properties 
include those which permit fuel beds of low resistance so as to minimize desirably 
differences in pressure throughout the kiln. (3) High rates of heat release should.be 
possible. (4) Properties that reduce the labor of firing are desirable. (5) There may 
be other requirements for the fuel, depending upon local conditions. 

Selection of a Coal. Where coal is selected as the fuel, the following are desirable; 
The coal should be free-burning. A desirable size is usually 2 by 4 in.; in suitable 
furnaces, a size as small as 2 by 1 in. may be preferable. As the coal is more strongly 
caking the size becomes of less importance. Impurities are always undesirable, 
especially for the higher quality wares. Moisture content should be low. An 
arbitrary maximum might be about 5 per cent; high moisture is particularly undesir¬ 
able in the firing of higher grade products susceptible to damage by reducing atmos¬ 
phere, when, by water-gas reactions, it increases the likelihood of reducing gases 
entering the kiln. The least possible ash is desirable. Softening temperature of ash 
should preferably be not less than 2600°F; the importance of this factor increases as 
the maturing temperature of the ware is higher. High-volatile is preferable except 
where the ware might be damaged by smoke or reducing atmosphere. The impor¬ 
tance of sulphur increases as the grade of the ware is higher; for highest grade white 
wares, sulphur content of 1 per cent or less is desirable. Sulphur is less troublesome 
for products in the heavy clays groups, particularly if the ware is thoroughly dried 
before being placed in the kilns; 3 per cent is often acceptable in such cases. 

MANUFACTURE OF CARBON DIOXIDE 

Carbon dioxide is manufactured and collected commercially for many purposes 
such as dry ice, liquid carbonic gas, and basic carbonate of lead. Several methods of 
manufacture arc in effect, such as from burning lime, as a by-product of distilleries, 
and from gas wells which do not involve the basic use of fuel. However, in many 
instances, fuel, preferably anthracite or coke, is burned in conventional furnaces and 

1 Rice, W. E., National Association of Purchasing Agents, Bull. 10. 
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the flue gas is collected, scrubbed, and otherwise prepared as needed. Virtually the 
only change in equipment over that required for straight combustion is to allow very 
ample furnace volume and relatively long gas travel. 

Coke is usually used in the dry-ice industry, although as no record can be found of 
either the extensive use or reliable test of anthracite, it can only be concluded that 
this is largely due to the impetus of early habits and economics. This is supported by 
Turnbull, 1 who describes a preference for anthracite necessarily clean, pure CO 2 for 
the basic-carbonate white-lead process as because of “its high carbon content, low 
volatile, and low sulphur,” together with uniform supply and uniform controllable 
combustion results. 

Reduction of H 2 S. Aside from a selection of as low a sulphur coal as can be 
obtained, Turnbull, after extensive experimentation, found that the most practical 
way to reduce the formation of the highly objectionable H 2 S is to restrict materially 
the size of the draft openings in the ashpit to the point where there is a very definite 
negative pressure under the grate. He reports that, while this did not entirely 
eliminate the production of H 2 S, it certainly lessens it. 

Operation of Equipment. With traveling-grate stokers and rice anthracite, and 
where the production of steam can be considered as secondary, a continuous produc¬ 
tion of gas of better than 14 to 15 per cent CO 2 can be expected. Wlien operated 
properly, there should be no sulphur in the form of H 2 S. In the latter connection, it 
was noted that, when such a stoker is operated with a slight positive overfire-air 
pressure, very appreciable quantities of H 2 S are formed; the H 2 S disappeared imme¬ 
diately from the gas when the draft balance was changed so that there was a negative 
overfire-air pressure. 

Hand-firing of the egg and other upper sizes of anthracite and coke should yield gas 
having a CO 2 content up to 17 to 19 per cent. Necessary periodic interruptions to 
fire coal temporarily reduce the CO 2 and thus are disadvantageous. From this angle, 
anthracite should be preferable, since its bulk permits a reduction of the firings neces¬ 
sary to about one-half of those with coke. 

1 Turnbull, E. D., Experience in Using Anthracite in the Manufacture of Basic Carbonate White 
Lead, Trans, 4th Ann. Anthracite Con/. Lehigh Univ., p. 29, 1941. 
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GENERAL USE OF COMBUSTION INSTRUMENTS^ 

Instruments are of vital importance for proper furnace operation as they form a 
means for ascertaining the conditions under which the plant is operating. 

An overfire-draft gauge indicates the intensity of furnace draft as a guide to fly-ash 
elimination and rapidity of gas travel. It is an indicator of the losses due to infiltra¬ 
tion through the brickwork, as these increase with draft increases. 

An undergrate or fan-pressure indicator is a guide to fuel-bed conditions. By 
indicating rising pressure, it warns of a caking, coking, or clinkering fuel bed or an 
unbalanced fuel-air ratio. By indicating faliing pressure, it warns that a fuel bed is 
burning out or becoming too thin. An abnormal drop in pressure indicates formation 
of blowholes. 

A flue-gas-temperature indicator, in conjunction with a carbon dioxide indicator, 

furnishes a check on over-all efficiency and detects losses due to sooting of heating 
surfaces and excessive draft. It also serves as a close check on fuel-air ratios. 

A carbon monoxide indicator points to incomplete combustion. It is of particular 
value when smokeless fuels, such as anthracite and coke, are being burned, as there 
are usually no other such signs of inadequate air. 

FLUE-GAS ANALYSIS 
Sampling 

A sampling tube can be made from J^-in. pipe, so placed as to secure an average 
sample of the flue gas. If only a single test point is required, the sample can be taken 
from the exit gas before the outlet damper. 

The gas composition may not be homogeneous because of stratification; conse¬ 
quently if more accurate results are desired a traverse of the gas passage is made. 
This is done by dividing the cross section into equal areas and taking a sample from 
the center of each. 

The ASME Test Code^ statfes that the best practical method of obtaining a true 
sample is to divide the cross section of the gas passage into equal areas and to take 
velocity measurements and gas samples from the centers of these component areas. 
A weighted average can then be calculated, taking into account the gas temperature 
as well as the velocity. The number and arrangement of the equal areas will depend 
on the size and layout of the gas passage, although it is recommended that the individ¬ 
ual areas be not greater than 18 sq ft. 

The location of test points in a circular duct can be readily accomplished by the 
use of Table 26-1.® 


Table 26-1. Layout Measurement for Circular-duct Traverse 


No. of 
equal areas 

Total No. 
of readings 

Distances from center of pipe to point of reading in 
of pipe diam 

. fraction 

8 

12 

0.204 

0 353 

0 455 




4 

16 

0 177 

0 305 

0 394 

0 466 



5 

20 

0 155 

0 272 

0 353 

0 417 

0 474 


6 

25 

0 145 

0 250 

0.323 

0 382 

0 433 

0 479 


' “Smoke,” p. 6, The Perfex Corp., Milwaukee, 1947. 

* ASME Test Code for Stationary Steam-generating Units, p. 18, ASME, New York, 1946. 

> Tuve, G. L., in “Meohanioal Engineers’ Handbook,” edited by Lionel S. Marks, 4th ed., p. 2102, 
McGraw-Hill Book Company, Inc., New York, 1941. 
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Figure 26-1 illustrates a circular duct laid out in three equal areas, with the test 
points located from data taken from Table 26-1. Readings are taken along two 
diameters placed 90 deg apart, which will tend to average differences in velocity and 
analysis in the duct. 

Time of Sampling. When the apparatus has reached equilibrium, the sample is 
drawn. Samples should not be taken when the furnace doors are open or when the 
soot blowers are in operation or when fuel is being fired, if hand-operated. 

Sample Containers.^ A convenient and frequently used method of sampling 
(Fig. 26-2) is to fill the sample container with leveling-bottle liquid and to permit the 
discharging fluid to pull a gas sample into the container. When filled, the device 
may be taken directly to the gas apparatus and the sample discharged into the 
burette without disconnecting the tube from the leveling bulb. The container shown 
is made of glass, but more sturdy copper or zinc tubes are available. However, the 
metal stopcocks are more apt to develop leaks than are glass stopcocks. 



Fig. 26-1. Circular duct divided into three 
equal areas, showing test points. 




Fig. 26-2. Gas-collection apparatus: grab 
sample and continuous sampler. (Burrdl 
Corp.) 


Direct Sampling. At times, it is possible to place the apparatus close to the point 
of sampling and to draw or force the sample directly into the burette and proceed at 
once with the analysis. Avoid areas where large temperature changes might occur 
which may affect the volumes in the apparatus. If the gas is under pressure, it is 
easy to permit a sufficient volume to flow through the sampling line to displace all the 
air. If the sample must be pulled into the burette by lowering the leveling bottle or 
by forcing into the burette by means of a rubber hand pump, a 100-cc burette should 
be filled and discharged at least twice for every 5 ft of inside diameter sampling 

line to clear the line of air or residue gas. 

A convenient device to take a continuous sample is an aspirator, usually water- 
operated. A tee is placed ahead of the aspirator, and the Orsat apparatus is connected 
to the tee. Analysis is made as desired. 

Another continuous sampler is shown in Fig. 26-2. With this, a large sample or a 
sample collected over a long period of time may be gathered. If the gas is under 
pressure, the line is flushed out through the tee or tail stopcock. If not under pres- 

1 “Burrell Manual for Gas Analysts,” Catalogue 80, pp. 59-76, Burrell Corp., Pittsburgh, Pa. 
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sure,:the line can be flushed by means of the rubber hand pump. The stopcock is 
turned to permit the sample to pass into the bottle. The rate of sampling may he 
regulated by adjusting the screw clamp in the liquid-discharge connection. 

Gas-analysis Apparatus 

The Orsat apparatus is illustrated diagrammatically in Fig. 26-3. This instrument 
is fairly reliable when used in testing and operational checks. 

The burette, usually of 100 cc capacity, is water-jacketed to protect it from sudden 
changes of temperatures. 

The leveling bottle acts as a pump to force the gas into the apparatus, and then to 
the respective pipettes as required. 

The pipettes, of which there are three in the standard Orsat (some have only one 
pipette for the absorption of CO 2 ), contain reagents for the absorption of CO 2 , O 2 , 
and CO. 

Absorbing Reagents.^ 

1. Potassium hydroxide, for absorption of carbon dioxide, CO 2 . Strength of 
solution 40 per cent, by weight. (For all practical purposes this can be prepared by 
adding slowly 11 oz potassium hydroxide sticks or pellets to a pint (approximately 
16 oz) of water. As this is accomplished by the emission of considerable heat, this 
mixing should be done in a pyrex container. Allow to cool before using.) One cubic 
centimeter absorbs 40 cc of carbon dioxide. 

This reagent will also absorb any other acid gas such as sulphur dioxide or hydrogen 
sulphide in addition to carbon dioxide. 

2. Potassium pyrogallate for the absorption of oxygen, O 2 . Equal volumes of 33 
per cent by weight of potassium hydroxide and 25 per cent by weight of pyrogallic 
acid solutions are mixed together. One cubic centimeter will absorb 8 cc of oxygen. 

Carbon monoxide may be given off by the reagent if high concentrations of oxygen 
are absorbed. 

8. Cuprous chloride for the absorption of carbon monoxide, CO. A solution of 
cuprous chloride is prepared by dissolving CU 2 CI 2 , cuprous chloride, in hydrochloric 
acid (specific gravity 1.12) in the ratio of 15 g salt to 100 cc acid. The activity of 
the solution depends on the presence of copper in the cuprous form. If pure, the 
solution would be colorless. It turns green upon oxidation. It should be kept from 
light and occasional additions of copper wire or turnings made to the accessory 
pipette or stock bottle. 

The solution in the Orsat should be kept fresh, since there is evidence that the rea¬ 
gent, even after only moderate use, will give off carbon monoxide when in contact 
with a gas containing carbon monoxide in small amounts. 

4. Leveling-bottle fluid. A precaution should be taken to see that the water in the 
burette is saturated with the gases to be analyzed; else some absorption will take 
place and low results will be obtained. For this reason, it is usually advisable to 
aspirate the gas through the burette and leveling bottle before collecting a sample. 
Slightly acidulated water should be used. The presence of a few drops of methyl 
orange can be used to detect any contamination resulting from accidentally drawing 
alkaline liquid from the pipettes into the burette, and also to make the meniscus 
clearly visible. 

Use of Orsat Apparatus 

Preparation. If the Orsat has not been in use for some time, renew all the rubber 
connections. Clean the stopcocks, and give them a very light touch of stopcock 

1 Pabb, S. W., “The Analysis of P'uel, Gas, Water and Lubricants,” 4th ed., pp. 301-304, McGraw- 
Hill Book Company, Inc., New York, 1932. 
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grease. Fill the pipettes and the leveling bottle. Test for leaks by drawing in 100 cc 
of air and close the three-way cock (the pipette stopcocks are left closed). Raise'the 
leveling bottle and place it on top of the Orsat. If the liquid level rises, there is a leak. 

Analysis. Raise the liquid level in each of Ae pipettes so that it is just below the 
stopcock. Open the three-way cock and rais^he leveling bottle so that all the air is 
discharged. Turn the three-way cock so that the Orsat is connected to the gas¬ 
sampling tube. Lower the bottle and draw in a sample. Discharge this sample 
through the three-way cock by raising the bottle. Repeat this three or four times to 
ensure that the lines and the apparatus are purged of air. 

Draw in final sample so that the liquid level is at the lowest division and the level 
in the bottle matches it, as shown in Fig. 26-3. The gas is at atmospheric pressure. 



Close off the three-way cock. Open the cock to the CO 2 pipette and pass the gas 
through several times by raising and lowering the bottle. Take a reading, ensuring 
that the level in the burette and in the leveling bottle is the same. Repeat this 
procedure until there is no change in level between successive readings, indicating 
complete absorption. Follow the same procedure for the other two pipettes, noting 
the readings after the gas is completely absorbed. Direct readings are obtained 
since the burette is graduated in hundreds. Nitrogen = 100 — (CO 2 + O 2 -j- CO). 

The absorption procedure must follow the order CO 2 , O 2 , and CO, since some of the 
reagents can absorb several of the flue-gas components (see Reagents). Allow more 
passes for the absorption of the oxygen. 

If the reagent is accidentally drawn, during the test, into the manifold, the pink- 
colored water solution will turn yellow. Dissassemble the apparatus and clean out all 
the affected parts. 
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StOTAfe Orsat. If the unit is to be idle overnight, drop the levels in the pipettes 
soHhAt%iere is no chance that the reagents will get into the stopcocks, which may 
cause thito to freeze. 

If the dnit is not going to be used fq^ome time, it is advisable to clean it thoroughly 
after draining the pipettes and the leveling bottle. Clean the stopcocks, regrease 



Excess air-percent 





Fig. 26-4. Check chart for Orsat analysis and percentage excess air. Example of use of 
charts: Given an Orsat analysis 10.2 per cent CO 2 , 0.6 per cent CO, and 9.2 per cent O 2 ; 
kind of fuel—bituminous. To use: On bituminous chart enter CO 2 + J'^CO = 10.2 + 
.3 — 10.5, proceed to right to intersect CO 2 + J^CO. Proceed downward to O 2 line and 
proceed to left to find O 2 reading of 9.2 per cent, which indicates the Orsat analysis is 
correct. By proceeding vertically downward from intersection of CO 2 + J^CO the excess 
air * 76 per cent.) {Power,) 

them, and insert the plugs with a piece of paper wrapped around them. An Orsat 
stored for any length of time with the reagents in place will usually give trouble with 
frozen stopcocks. 

Check of Orsat Analysis.^ After the analysis has been made with the Orsat 
apparatus, the analysis can be checked for accuracy by the use of the charts of Fig. 

Enter at left with CO 2 + )^CO (or with CO 2 alone, if CO is not known and 
is probably negligible). Move right to curve marked CO 2 + K^O and then verti- 

1 Swain, P. W., and L. N. Rowley, “Library of Power Plant Engineering,** Part II, Chap. 7, p. 2, 
McGraw-Hill Publiahing Company, Inc., New York, 1949. 
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cally downward lo curve marked O 2 and then horizontally to the left^ corre¬ 
sponding reading of, 0*2 on the left scale should be nearly the same as the Oa^shown by 
the analysis. Otherwise suspect error in an^sis and take steps to reinedy before 
proceeding with further analysis. ' / . > 

The amount of excess air percentage can also be read from these charts. Prom 
intersection of horizontal line from left scale and CO 2 + J^CO line, proceed verti¬ 
cally downward to bottom line and read excess air per cent. 

Calculation of Excess Air Per Cent from Orsat Analysis. The excess air per cent 
can be determined from the Orsat analysis by the following expression:* 

t, . ^ O 2 - HC9 

Excess air per cent = o.264N, - (O. - ^COj 

MEASUREMENT OF FURNACE TEMPERATURE* 

Research work, both in the laboratory and in the field, has shown the great impor¬ 
tance of the method used to measure the gas temperature leaving the furnace in 
making a reliable evaluation of any furnace design. 



(HVT) high velocity thermocouple temperature'*deg F 

Fig. 26-5. Comparison of various methods of temperature reading. (The Bab^^k A 
Wilcox Bull 3-407.) 


Figure 26-5 shows the difference between the gas temperature measured by a bare 
thermocouple as compared with the temperature measured by a porcelain-shield 
thermocouple (high-velocity thermocouple—HVT) over which gas is aspirat^ at 
high velocity. These temperatures are compared with the true gas temperature, 
which is approached by the multiple-shield high-velocity thermocouple 
At 2000®F, it is seen that the bare thermocouple will read about 150®F lower thai^ 
HVT and about 225°F lower than the MHVT. The HVT is used for test work 

iGafpert, G. a., ‘‘Steam Power Stations/’ 3d ed., p. 187, McGraw-Btlll Book Company, Ine., 
New York, 1946. 

s Row AND, W. H., Recent Boiler Design Practice, presented at West Viri^a Ssotion ASME, 1947, 
Bull, 3-407, The Babcock & Wilcox Co., New York, 1947. 
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because of its relative ruggedness, but its readings are corrected to MHVT temperature 
basis for use in evaluation and design. 

Figure 26-6 shows the contour plot of high-velocity thermocouple gas temperatures 
obtained during a test on the 800,000 ifc per hr unit installed at the Springdale Power 
Plant of the West Penn Power Oo., near Pittsburgh. These data were obtained 
during a test of this unit at 780,000 lb steam per hr. The input was 74,000 Btu/hr/ 
sq ft of flat projected furnace surface. The oxidizing initial deformation temperature 



averaged about 2400°F. The gas temperature 
entering the boiler screen (corrected to a MHVT 
basis) averaged 2200°F and the gas temperature 
entering the superheater, on the same basis, 
averaged about 1950°F. 



Fig. 26-6. Furnace-temperature Fig. 26-7. Furnace-temperature contour 

contour plot. {The Babcock & plot. {The Babcock tSc Wilcox Bull 

Wilcox Bull. 3-407.) 3-407.) 


Figure 26-7 shows a contour plot of high-velocity thermocouple gas temperaturiis 
obtained during a test on the steam-generating plant installed at the High Bridge 
Power Plant of the Northern States Power (3o., which burns Illinois coal. These 
data were obtained during a test of the unit at 522,000 lb steam per hr. The input 
was 84,500 Btu/hr/sq ft of flat projected furnace surface, and the oxidizing initial 
deformation temperature of the ash averaged about 2350°F. 

Temperature Measurement by Refractory Cones. A common method of obtaining 
approximate temperature readings in the higher temperature range is through the 
use of cones designed to soften at definite fixed temperatures. The most commonly 
used cones of this type are the Segcr, the softening temperatures of which are shown 
as Table 26-2. A second series is the Orton cone. The temperatures as shown hold 
good only under very definite conditions of heating rate and furnace atmosphere; i.e., 
if the heating rate is slow or if the cones are subjected to soaking at a steady tempera¬ 
ture, the cones can be expected to fall at temperatures lower than those specified. 
Such measurements should thus be considered as only crude approximations; never¬ 
theless, they are easy and quick and frequently suffice, especially where more elaborate 
instruments are not available. 
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Table 26-2. Approximate Softening Point of Seger Cones 


Cone 

No. 

Softening temp 

Cone 

No. 

Softening temp 

Peg C 

Deg F 

Deg C 

DegF 

022 

600 

1112 

9 

1280 

2336 

021 

650 

1202 

10 

1300 

2372 

020 

670 

1238 

11 

1320 

2408 

019 

690 

1274 

12 

1350 

2462 

018 

710 

1310 

13 

1380 

2516 

017 

730 

1346 

14 

1410 

2570 

OIG 

750 

1382 

15 

1435 

2615 

015 

790 

1454 

16 

1460 

2660 

014 

815 

1499 

17 

1480 

2696 

013 

835 

1535 

18 

1500 

1 2732 

012 

855 

1571 

19 

1520 

2768 

on 

880 

1616 

20 

1630 

2786 

010 

900 

1652 

26 

1580 

2876 

09 

920 

1688 

27 

; 1610 

2930 

08 

940 

1724 

28 

1 1630 

2966 

07 

960 

1760 

29 

1650 

3002 

06 

980 

1796 

30 

1670 

3038 

05 

1000 

1832 

31 

1690 

3074 

04 

1020 

1868 

32 

1710 

aiio 

03 

1040 

1904 

33 

1730 

3146 

02 

1060 

1940 

34 

1750 

3182 

01 

1080 

1976 

35 

1770 

3218 

1 

1100 

2012 

36 

1790 

3254 

2 

1120 

2048 

37 

1825 

3317 

3 

1140 

2084 

38 

1850 

3362 

4 

1160 

2120 

39 

1880 

3416 

5 

1180 

2156 

40 

1920 

3488 

6 

1200 

2192 

41 

1960 

3560 

7 

1230 

2246 

42 

200 (r 

3632 

8 

1250 

2282 






Fig. 26 - 8 . Typical ^etup for oil-fired steel boiler test, {Sted Boiler Institute Rating Code^ 
Uh ed.) 
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MEASURING DRAFT 

Type and Location of Connections. The connections to measure draft can be 
readily made from small bore tube or pipe. Care must be taken that the pipe and 
fittings are free of leaks, and that the layout is such that they are readily accessible 
for cleaning and drainage. Construction and location of the measuring and should 
be such that there is no chance of error due to impact of the moving gas stream. 

Note: Where ouxiiianes are separated by damper, as 
between forced-draft fan and atr heater, one draft 



at this point gives boiler outlet draft and economizer inlet draft. (2) Draft measurement 
at this point gives economizer outlet draft and air-heater inlet draft. (3) Draft measure¬ 
ment at this point gives air-heater outlet draft and dust-collector inlet draft. (4) Draft 
measurement at this point gives dust-collector outlet draft and serves as induced-draft-fan 
indicator. (5) Pressure measurement at this point gives air-heater inlet pressure and 
serves as forced-draft-fan indicator. (6) Pressure measurement at this point gives air- 
heater outlet pressure and windbox pressure. {Energy, August, 1946.) 

The location of the pressure connection is dependent upon what pressures are 
desired. Generally the furnace and breeching draft is required as indicated in Fig. 
26-8. Where the unit is more complex, additional pressure connections can be made 
as shown in Fig. 26-9. 

Instruments. Where the pressure is over an inch or two of water, a U-tube manom¬ 
eter can be made by heating and bending a piece of glass tubing into the shape of a 




















ERRORS IN COAL ANALYSIS 


m 

U. When filled with distilled water, the total deflection is read directly in inches of 
water. 

Where the pressure is under an inch or two of water, some form of inclined manom¬ 
eter (Fig. 26-10) can be used. These are generally filled with a colored oil and are 
usually calibrated to read directly in inches of water. Before using, they must be 
carefully leveled by means of the bubble level incorporated in the body; also the 
zero can be set by means of the sliding scale. 

The manometers mentioned are more suitable for temporary work such as a test 
on a unit that ordinarily does not require a draft indication. Generally, however, a 



Fig. 26-10. Inclined manometer. 


1^1 


Fig. 26-11. Dual-indi- Fig. 26-12. Narrow-face 

cator dial-type draft multiple-type draft 

gauge. gauge. 

continuous draft reading is necessary, and a permanent draft indicator will be used. 
These are some form of pressure-sensitive element that is hooked through a linkage 
to an indicating arm. Rome types have two arms on a single dial so that two draft 
readings can be read simultaneously. Others are arranged with long narrow faces so 
that as many draft gauges as desired can be set side by side in a panel board with 
minimum space required (see Figs. 26-11 and 26-12). 

ERRORS IN COAL ANALYSIS DUE TO VARIATIONS IN COMPOSITION 
Uniformity of Composition of Coal. Coal is a heterogeneous material, a mixture 
of pure coal and various mineral impurities. Some of these impurities are intimately 
associated with the coal, and some of them are free impurities which become mixed 
with the coal in the process of mining. The free impurities are seldom distributed 
uniformly throughout any particular lot of coal. In sampling and testing, it is thus 
inevitable that there will be variations in the results, over and above the care in 
sampling and analyzing. Studies show that each coal has a characteristic deviation 
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from its own average which is determined by its physical properties and by the con¬ 
ditions of its production and preparation. These factors are: 


1. Percentage of ash in the coal 

2. Size 

3. Ratio of free impurities to total 
impurities 

4. Nature of the free impurities 


5. Methods of mining, loading, and 
preparation 

6. Shipment from two or more mines as a 
single product 


There seems to be a normal relationship between the percentage of ash and the 
deviations from the average of any particular coal which applies to any of the small¬ 
sized steaming coals. This is shown for anthracite and bituminous coals in Fig. 



Fig. 26-13. Relation of probable error of individual samples to per cent ash. {Govld, 
G. B., in Symposium on Significance of Tests of Coal, ASTM, Proc., Vol. 37, Part II, p. 355. 


26-13. The probable error in this chart refers to the deviation from the average of 
each coal, above and below which an equal number of tests may be expected to fall. 

In using Fig. 26-13 to estimate the probable error of ash analyses, it is important 
to note that the deviation of individual samples from the average as represented by 
the curves can be much greater than those shown. The distribution of the deviations 
from the average in terms of multiples of the probable error r for the 640 samples 
of bituminous coal used in the construction of Fig. 26-13 is as shown in Table 26-3. 

Table 26-3. Deviations of Individual 
Samples of Coal from the Average 
as Shown in Terms of Multiples 
of Probable Error (r) 

Per Cent of 
Actual Tests 


Less than Ir. 50 9 

Less than 2r . 84 8 

Ijess than 3r. 96.3 

Less than 4r . 98,6 

Less than 5r . 99 8 

Less than 6r. 100 0 


Thus, if an 8 per cent ash coal has an error of 0.50 per ce.nt of ash, one-half (50.9 
per cent) of all tests may be expected to fall between 7.5 and 8.5 per cent ash (8 per 
cent ± 1 X 0.50), about 85 (84.8) per cent of all tests may be expected to fall between 
7.0 and 9.0 per cent ash (8 per cent ± 2 X 0.50), etc. 
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In theory, the probable error varies inversely as the square root of the number of 
tests averaged. Therefore, if tests of five samples of a coal which has a probable error 
for individual samples of 0.50 per cent are averaged, the group average may be expected 
to have a probable error of 0.507^5, or 0.22; and, by the same calculations, 10 tests 
may be expected to have a probable error of 0.16. In practice, this theoretical gain 
in accuracy is not achieved in more than half the cases. The gain in accuracy is, 
nevertheless, very substantial. 

Gould offers the following as a rough guide to the desirable minimum number of 
samples of small-sized bituminous coal, where the probable error is not known: 

Coals under 8 per cent ash = average of not less than 5 samples 

Coals of 8 to 10 per cent ash = average of not less than 10 samples 

Coals over 10 per cent ash = average of not less than 20 samples 

In cases where the results are important and yet it is impossible or impractical to 
secure more than one sample, great care should be exercised in the sampling, and 
even then the chances of error should be recognized. 

British bituminous coals are reported to contain a larger proportion of the ash in 
the form of free impurities, which would account for the somewhat larger deviation 
which they find for the lower ash coals. 

Possible Reduction of Error by Greater Care in Sampling. Gould expresses the 
opinion that, for the great majority of bituminous coals, having no more than 8 per 
cent ash in the slack and nut sizes, no significant reduction in the probable error can 
be obtained by any sampling method which could be economically practical in the 
typical steam plant. 

While gross violation of the elementary principles of sampling will undoubtedly 
increase the magnitude of the deviations from the average, the price of reducing them 
below that encountered in reasonably careful industrial practice today would probably 
be higher than is practical. 

Extra care in sampling should be taken for high-ash coals, and for the larger screened 
sizes (egg, stove, or nut), especially in the reduction of the size of the coal as the size 
of the sample is reduced. 

Variations among laboratory tests of the same coal should not be assumed indis¬ 
criminately to result from errors of sampling and testing. Coal is a variable product 
and should be regarded as such in any interpretations of testing results. 

BOILER TEST CODES 

ASME Boiler Test Codes. In making tests of a boiler, it is recommended that a 
copy of the code for Stationary Steam-generating Units ^ be carefully studied before 
the test and be available for reference. The purpose of this code is to establish rules 
for conducting tests to determine: 

1. Capacity 

2. Efficiency 

3. Superheater characteristics 

4. Any other operating characteristic 

For exact testing, or for making tests for the fulfillment of contracts, this code 
should be followed. Also, included in this code is a simpler convenient Short 
Form,’' which is tabulation of the data and results (as well as methods of calculation) 
for a boiler test (see pages 896 to 898). Tablets containing the short form are avail¬ 
able at the ASME for a nominal fee. 


1 Stationary Steam-generating units, ASME, New York, 1946, 
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SHORT FORM—ASME TEST REPORT 
DATA AND RESULTS OF BOILER TEST 


Test No. 

Owner of 


Boiler No. 

Location 

Date 

Plant 

Test Con¬ 


Objective 


Dura¬ 

ducted by 

Boiler 


of Test 

Rated 

tion 

Make & Type 
Heating 


Water 

Capacity 

Economizer 

Surface 


Walls 



SqFt 

Boiler 

Superheater, 


Air 


Furnace 

Sq Ft 

Stoker, 


Heater 

Grate Area, 

Volume, Cu Ft 

Type & Siae 



Sq Ft 


Pulveriaer, 



Burner, 


Type & Size 



Type & Size 


Fuel 

Mine 

County 

State 

Size 

Used 




as 





Fired 


Pressures & Temperatures 


Item 

Description 

Units 

Data 

1 

Steam pressure in boiler drum 

Psia 


2 

Steam pressure in superheater outlet 

Psia 


3 

Steam temp at 

Deg F 


4 

Water temp entering (economizer) (boiler) 

Deg F 


5 

Steam quality, per cent moisture or ppm 



6 

Air temp around boiler (ambient) 

Deg F 


7 

Temp air for combustion (combustion air intake) 

DegF 


8 

Temp fuel 

Deg F 


9 

Gas temp leaving (boiler) (economizer) (air heater) 

Deg F 


10 

Air temp leaving air heater 

DegF 


11 

Draft in furnace 

In. water 


12 

Draft at outlet (boiler) (economizer) (air heater) 

In. water 


Unit Quantities 

13 

Enthalpy of saturated liquid (total heat) 

Btu/lb 


14 

Enthalpy of (saturated) (superheated) steam 

Btu/lb 


15 

Enthalpy of feed to (boiler) (economizer) 

Btu/lb 


16 

Heat absoTption/lb steam (item 14 — item 15) 

Btu/lb 


17 

Dry refuse (ash pit -1- fly ash)" per lb as-fired fuel 

Lb/lb 



If impractical to weigh refuse, this item can be esti- 




mated as follows; 




Dry refuse/lb as-fired fuel 




% ash in as-fired coal 




100 — per cent combustion in refuse sample 

Lb/lb 


18 

Btu/lb in refuse (weighted avg) 

Btu/lb 


Hourly Quantities 

19 

Actual water evaporated^ 

Lb/hr 


20 

Rate of fuel fired (as-fired weight) 

Lb/hr 



(item 20 X item 32) 



21 

Total heat input ^ 

kB/hr 



(item 19 X item 16)c 



22 

Total heat output . ___ 

1,UUU 

kB/hr 
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SHORT FORM—ASME TEST REPORT. (Continued) 

Flue-gas Analysis (Boiler) (Economizer) (Air Heater) Outlet 

Item 

Description Units 

Data 

23 CO 2 Per cent by 

volume 

24 O 2 Per cent by 

volume 

25 CO Per cent by 

volume 

26 N 2 (by difference) Per cent by 

volume 

„ (item 68 — item 67) 

27 Excess air ” X 100 Per cent 

item 67 

Fuel Data 

Item 

Coal as fired, proximate analysis 

Per cent weight 

28 

29 

30 

31 

Moisture 

Volatile matter 

Fixed carbon 

Ash 



Total 


32 

33 

Btu/lb as fired 

Ash-softening temp, ASTM method, deg F 


Item 

Coal or oil as fired, ultimate analysis 

Per cent weight 

34 

35 

36 

37 

38 

31 

28 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

Sulphur 

Ash 

Moisture 



Total 


Item 

Coal pulverization 

Per cent weight 

39 

40 

41 

Crindabihty 

Fineness, per cent through 50 mesh 

Fineness, per cent through 200 mesh 


Item 

Oil 

Per cent weight 

42 

43 

44 

35 

32 

Flash point, deg F 

Sp gr, deg API 

Viscosity at burner, Saybolt Universial 

Saybolt Furol 

Total hydrogen per cent weight 

Btu/lb 
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SHORT FORM—ASME TEST REPORT. (Continued) 

Fuel Data. (Continued) 

Item 

Gas 

Per cent Volume 

45 

46 

47 

48 

49 

50 

51 

52 

CO 

CHi methane 

C 2 H 2 acetylene 

C 2 H 4 ethylene 

C 2 H 6 ethane 

H 2 S hydrogen sulphide 

CO 2 carbon dioxide 

H 2 hydrogen 


1 Total 1 


35 

53 

54 
32 

Total hydrogen per cent weight 

Density (68°F, atmospheric pressure) 

Btu/cu ft 

Btu/lb 


Efficiency 

55 

. . (item 22 X 100) 

Efficiency of unit, per cent — - item 21 


Heat Balance 

Item 

Htu/lb as- 
fired fuel 

l*er cent as- 
fired fuel, Btu 

56 

57 

58 

59 

60 
61 
62 
63 

Heat absorbed by unit (item 55 X item 32) 

Heat loss to dry gas 

Heat loss due to moisture in fuel 

Heat loss due to water from combustion of H 2 

Heat loss due to carbon monoxide 

Heat loss due to combustible in refuse 

Heat loss due to radiation 

Unaccounted for (by difference) 

Item 55 


Total Item 32 

100 

Calculations^ 

Item 

Description j Unit | 

Data 1 

64 

65 

66 

67 

68 

Heat output in boiler blowdown' (to be added to item kB/hr 

22) 

Carbon burned/lb of as-fired fuel/ Lb/lb 

Dry gas/lb as-fired fuel fired» Lb/lb 

Theoretical air/lb as-fired fuel burned^ Lb/lb 

Dry air/lb as-fired fuel burned* Lb/lb 


« If flue dust and ashpit refuse differ materially m combustible content, they should be estimated 
separately. 

When direct measurement of heat input or output cannot be made (items 19 or 20 unavailable), 
the efficiency can be determined by calculating the losses and subtracting from 100. See Chap. 12 
p. 384. 

«Add Btu in blowdown water (item G4). 

^ For the calculation of heat balance, refer to (^hap. 12. 

IT t , , /, /item 13 — item 15\ 

• « lb water blowdown/hr X - Tooo -/ 

/ iteni 34 /item 17 X item ISA 

100 “ V " T^'eoo” / 

_ 11 X (item 23) + 8 X ( item 24) + 7 X (item 26 + item 25) 

" 3 X (item 23 + item 25) 

^^ /. , item 38\ . item 38 

1 . TT i-o vy /‘j. I /item 35 item 36"X (item 38) 

. .. « r (ite™ 35) (item 36) 1 . item 38 item 37 

*-item 66 + 8 L -^55 -J _ .tem 65 - ^ 5 ^ -- 

Steel Boiler Institute. The rating Code^ contains instructions for making tests on 
steel boilers, illustra#ve figures for the location and construction of instruments, log 
sheets, and calculation sheets. 


( item 35 
100 

(item 36) "1 

800 J 
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Centigrade-Fahrenheit conversion, 380, 381 
Central America, coal reserves of, 13 
motor fuels in, 237 
Centrifugal coal driers, 536, 538-540 
Centrifugal fans, 443-452 
Ceramic manufacture, coal'for, 513, 879 
types of kilns for, 879 
Cetane number, 187 
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Charcoal, activation, 123 
analyses of, typical, 123 
for blast furnaces, 121 
lignite-char, 101 
Charcoal briquettes, 168 
Charles’s law, 348 

Chemical symbols of hydrocarbons, 252 
Chile, coal analyses of, typical, 582 
coal reserves and types of, 13, 15 
fuel production in, 10 
motor fuels in, 237 
Chimneys, 423-452 

above sea level, 426, 427 
for coke ovens, 142 
design of, 429, 436 
gas velocities in, 431 
oil-fired, 431 
residential, 436-443 
temperatures of, 425 
measuring of, 421 
world’s largest (table), 435 
China, coal analyses of, typical, 17, 582 
coal reserves and types of, 13, 18 
energy consumption of, 5 
production in, of anthracite, 53 
of coke, 133 
of fuels, 10 

Christie coal drier, 553, 554 
Cinder trap, 472 
Classification of coals, 34, 37 
Clinker, ash composition of, effect of, 43-45 
commercial potentialities of, 483 
formation and control of, 374 
reduction of, 818 
sulphur’s effect on, 42 
in underfeed stokers, 44 
in water-gas seta, 46 
Cloud, definition of, 458 
Cloud point of oils, 184, 185 
CM I coal drier, 539 
Coal, analyses of, errors in, 893 
typical («ee Analyses of fuels) 
ash content in, 39 
caking in, reduction of, 530 
calorific value of (see Heat value) 
characteristics of, vs. performance, 36 
chemical treatments of, 530 
for coking, 148-155 
composition of, general, 36 
costs of in various industries, 519-525 
crushers for, 609 
crushing of, 566-572 
dewatering of, 536-541 
dustproofing of, 531 
feeders of, 566, 609, 610 
fixed carbon, 41 
flash drying of, 560-564 
freezing of, prevention of, 534, 535 
frozen, unloading of, 632 
fuel savers, 530 
grindability of, 573-585 
handling of, 602-633 
hopiier design for, 640, 641 
moisture in, 38 

properties of, significance of, 36-41 

pulverization of, 573-597 

purchase of, factors in, 501, 505 

sampling, reduction for, 585 

selection charts for, 50^517 

sizing of, vs. maximum combustion rate, 357 

storing of 634-646 

sulphur in, effect of, 41 

for synthesis processes, 242 

thermal drying, 541-564 

undersize, effect of, 40 

volatile ^ect of, 41 

(iSee also specific type of coal) 

Coal gas (see Gas, coal) 

Coal-gas-retort coke, 146 
Coal-in-oil fuels (colloidal), 226-2.34 
advantages and disadvantages of, 226 
characteristics of, 227 
economics of, 233 
fuels for, 228, 514 
mixing of, 229 
stability of, 230 


Coal oil, origin of name of, 174 
(/See afso Kerosene) 

Coal reserves of world, 12, 13 
Coal tars (see Tar) 

Coke, 130-160 

analyses of, typical, 144 
from various coals, 151 
Btu, relative to other fuels, 494 
coals for coking, 148 
as affecting quality, 152 
as affecting yields, 152 
anthracite fines, 155 
blending, 1.54 
selection of, 512 

costs of, relative to other fuels, 496 
as cupola fuel, 875 
definition and sources of, 1.30 
historical, 132 
plant performance of, 495 
production of, by equiimiont types, 134 
per ton of coal, 134 
world, 133 

tyiies of, beehive, 135 
blast-furnace, 131, 147 
by-product, 144, 145 
coal-gas retort, 146 
domestic, 132 
foundry, 132 
gas producer, 132 
mgh-temperature, 130 
low-temperaturo, 1.30, 131, 147 
low- and high-teinpcrature, comparison of, 
135 

medium-temperature, 130, 131 
petroleum, 159, 160 
pitch, 161 
water-gas, 132 

Coke breeze, relative costs of, 496 

Coke button test, 96 

Coke-oven gas (see Gas, coke-oven) 

Coke ovens, 131-148 
Becker, 138 
beehive, 130, 135, 136 
by-product, 136-145 

analyses of products of, 144, 14.5 
heating and oven fuels in, 140-14.3 
operation and results of, 136 
performance of, 144 
high-temperature, 131 
horizontal retorts, 131 
inclined retorts, 131 
light oils from, 247, 248 
low-temperature retorts, 131 
Koppers, 138 
Koppers-Becker, 138 
Semet-Solvay, 138 
slot-type, 131 
sole-heated, 131 
typical results of, 264 
vertical retort, 131, 136 
Wilputte, 138 
Coking coals, 148-155 

pressures developed by, 150 
Coking tests, 95 

Colloidal fuels {see Coal-in-oil fuels) 

Colloidal solutions, definition of, 226 
Colombia, coal reserves and types of, 13, 14 
fuel production in, 10 
petroleum reserves of, 18 
Color, of flame, 369 

of petroleum products, 183—185 
of weathered anthracite, 69 
Combustion, 346-375 
vs. air supply, 354 

ash-softening temperature on, effect of, 45 
of bagasse, 125 
proper, requisites to, 352 
reactions of, 346-348 
time required for, 356-358 
Combustion rate, ash-softening temperature on, 
effect of, 45 
maximums of, 3.58—361 
Concrete from cinders, 483 
Conduction, 672-677 
Conductivity, definition of, 689n. 
of insulating materials, 674, 675 

• 
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Conductivity, of metals (table), 674 
underground, 675, 676 
Conradson carbon residue (oils), 183 
Consistency of oils, 184 
Convection, 678, 679 
definition of, 672 

Conversion, centigrade-Fahrenheit, 380 
D 

Dams, largest, in United States (table), 324 
Deformation temperature of ash, 43 
Denmark, coal reserves and types of, 13, 16 
peat production in, 109 
Deposite on boiler tubes, 486-489 
Depth of fuel beds, 373 

effect of wetting coal on, 374 
Deterioration of anthracite by weathering, 68 
Dewatering coal, 536-541 
Diacahte, definition of, 687 
Diatornaceous earth, definition of, 686 
Diatomite, definition of, 686 
Didier gasification process, costs and results of, 
241 

Dielectric strength of oils, 184, 186 
Diesel engines, effect of, on fuel economics, 8 
with various fuels, 874 
Diesel index, 183, 187 
Diesel oils, analyses of, typical, 183 
characteristics of, 223 
sources of, 221 
specifications for, 223 
Dikes for oil, 657 
Dilution test for oils, 184, 186 
Disco, 131, 147 

Discoloration of bank anthracite, 69 
Distillate oils (see Fuel oils) 

Distillation tests, 178, 182, 183, 189 
Disulphides in oils, 200 
Doctor test for oils, 184, 186^ 

Domestic coal, factors affecting choice of, 515 
stokers for, anthracite, 783-786 
bituminous, 781 

Domestic coke, analyses of, 132, 144 
Dopplerite, 107 
Downcomer, definition of, 733 
Draft, 423-452 

above sea level, 426, 427 
measuring of, 884, 892 
mechanical, 443 
produced by chimneys, 424 
required by anthracite barley, 775 
required by fuels, 427, 428 
residential, 436-443 
theoretical, 427 
Draft gauges, use of, 884 
Drag scrapers, 641-644 
Driers, coal, 536-564 

comparison of types of, 536 
Drop-shatter test, 48 
Dry-Zero (insulation), 687 
Dulong’s formula, 365 
Durain, 35 

Dust, combating fires in, 651 
definition of, 458 
explosion hazards of, 649 
time-pressure data of, 650 

{See also Fine particles; Smoke) 
Dustproofing coal, 531 
Dutch ovens, effect of, on clinker, 45 
for wood waste, 120 
Dwight-Lloyd sinter machine, 864 
Dwight-Lloyd Oliver coal drier, 556 

E 

East Indies, coal reserves of, 13 
fuel production in, 10 
petroleum reserves of, 18 
Eastern Province coal fields, 22 
Ecuador, coal reserves and types of, 14 
Egypt, fuel production in, 10 
85% magnesia, definition of 687 
{See also Insulation) 

Eire {see Ireland) 


Electric generation, costs of, by plant size, 499 
fuel efficiency trends of, 8 
fuel performance of, typical, 495 
Electric heating, 310-319 

relative to other fuels, Btu, 494 
relative costs of, 496 
Electric precipitators, 479 

Electricity, cost of, in various industries, 619-525 
Emissivity values (table), 682 
Emulsification of oils, 184, 186 
Energy, 4-11 

consumption of, per capita, 5 
end uses of, in United States, 6 
possible new sources of, 12 
produced by fuels, 11 
produced by men and animals, 6 
sources of, 4 
trends in use of, 4 
Engler viscosimeter, 191, 192 
Esso fuel igniter, 769 
Ethane, 287 

flammability limits of, 372 
properties of, 347, 351 
Ether, physical properties of, 238 
Ethylene, flammability hmits of, 372 
properties of, 347, 351 
Europe, coal analyses of, typical, 17 
coal reserves and types of, 13, 16 
fuel production in, 10 
motor fuels in, 237 
petroleum reserves of, 18 
Evaporation tests of oils, 190 
Excess air-carbon dioxide relations, 353, 354 
Expansion, thermal, of oils, 218 
Explosive hazards, 649 
Explosive limits of gases, 370-373 

F 

Fahrenheit-centigrade conversion, 380-381 
Filtration, coal for, 514, 877 
for dewatering coal, 536, 537 
Fine particles, 465-483 
classification of, 465 
distance of travel of, 468 
effect of wind on, 467 
equipment for collecting, 472-483 
reasons for collecting, 469 
size classifications of, 466 
Finland, peat production in, 109 
Fire test code for oils, 184, 189 
Fires, occurrence of oil in, 663 
Firing equipment as selected by industries, 499 
{See also siiecific devices) 

Firing solid fuels, 769-819 

{See also specific equipment) 

Fischer-Tropsch synthesis, 238-240 
Fixed carbon, 41 
Flame, 369, 370 

Flammability limits of gases, 372 
Flash drying of coal, 560-564 
Flash point of oils, codes for, 182-184 
definition and ranges of, 189 
of fuel oils, 178 
of Pacific Coast oils, 181 
Flight conveyors, 617 
Flock test for oils, 184 
Flow, of air, through leaks, 422 
through ports, 460 
of gas through orifices, 848 
of steam through leaks, 422 
of water through leaks, 422 
Flue gas, checking analyses of, 888 
density of, vs. CO 2 , ^6 
losses in, causes of, 420 
{See also Heat balance) 
sampling of, 884-886 
temperature measurements of, 421 
Fluid temperature of ash, 43 
Fly ash, commercial potentialities of, 483-486 
determination of quantity of, 468 
emission of, from equipment, 465, 468 
from stokers, 455 
from traveling grates, 456 
with Riibbitummous, 100 
Foam fire systems, 660-664 
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Foaming of boilers, 707, 709 
Foot-pounds, conversions of, 363 
Forced draft, 443-452 

Foreign fuels, coal analyses of, typical, 17, 582 
coal reserves of, 12, 13 
energy consumption of, 5 
petrmeuin reserves of, 18 
production of, anthracite, 53 
briquettes, 163 
coke, 133 
fuels, 10 
peat, 109 

(8se also specific country) 

Fotmdry coke, 132 
Foundry facings, coal for, 514 
France, coal analyses of, typical, 17, 582 
coal reserves oi, 13 
energy consumption in, 5 
production in, of anthracite, 53 
of briquettes, 163 
of coke, 133 
of fuels, 10 
of peat, 109 

Francis water turbine, 321 
Freezeproohng coal, 534 
Freezing, retarding insulation, 698 
Freight, cost of, as affecting coal use, 503 
Friability of coal, 46, 47 
Fuel (sec specific fuel) 

Fuel-bed depths, 373 
effect of wetting coal on, 374 
Fuel gas (sec Gas) 

Fuel oil, analyses of, typical, 183 
application of tests on, 184 
blending of, 180 
catalytic, for burners, 844 
classification of, general, 181 
consumption of, annual, 177 
demand for, annual, 176 
exports of, 179 
fires of, causes of, 663 
gravity of, API, 181 
handling of, 654-663 
in fire control, 660-664 
in foanj systems, 660-664 
in marine layouts, 654 
in pump and heater sets, 658, 659 
in stationary layouts, 655 
in tanks, 656-658 

for internal combustion engine, 873 
relative to other fuels, Btu, 494 
relative costs of, 496 
sales of, 179 

significance of sulphur in, 201 
specifications for, NBS, 177-178 
Pacific Coast, 179 
strainer design for, 177 
test codes for, 181 
utilization of (eec Oil burners) 

(See also Petroleum) 

Fuel ratios, 494, 495 
Fuel savers, 530 
Fuel selection, 493-525 

conversion tables of, 494, 495 
costs of, in all industries, 519—525 
importance of factors in, 505-517 
for stokers, multiple-retort, 791, 792 
single-retort, 779 
spreader, 798 
traveling-grate, 806 
Fuel specifications, 517, 518 
Furnace atmospheres, 354 

control of, when burning gas, 855 
effect of ash fusion on, 375 
Furnace design, 751-764 
arches for, 760-762 
domestic, for oil burning, 762-764 
factors in, for gas, 759 
for oil, 759 

domestic, 762-764 
for pulverized coal, 759, 760 
for stokers, multiple-retort, 756, 788, 789 
single-retort, 756 
spreader, 758, 796 
traveling-grate, 756-758 
for heat release (volume), 45, 756-759 


Furnace design, SBI design factors (heating), 719 
slagging arrangements in, 754 
Furnace temperatures, 379, 752, 753 
errors in measuring, 379 
Furnaces, electric, 312 
industrial, 815 

special, for oil refineries, de Florez, 745 
helical-coil, 749 
Iso-Flow, 746 

steel-billet heaters, costs of, 815 
Fusain, 35 

liquefaction yields of, 245 
Fusibility of coal ash, 43 

G 

Galusha gas producer, 277 
Gas, 255-308 

blast-furnace, 253, 254, 305 
blue, 261, 265 
burning (see Gas burners) 
by-product, 260 

(See also By-product coke) 
carbureted water, 261, 265, 207 
characteristics of, 253 
flammability limits of, 372 
casinghead, 253, 255 
coal, 303 

flammability limits of, 372 
processes for making, 240 
properties of, 254 
coke-oven, 253, 254, 262 
combustion data on, 253, 254 
for diesel engines, 874 
explosive limits of, 370-373 
flammability hmits of, 372 
flow of, through orifices, 848 
through pipes, 006 
handling of, 664-068 
accessories for, 667 
piping for, 664 

liquefied petroleum, 262, 284-303 
combustion data on, 286, 288 
handling and storing of, 295-303 
relative to other fuels, 494, 496 
reserves of, 27 

(See also Butane; Propane) 
manufactured, 259-284 

relative to other fuels, Btu, 494 
relative costs of, 496 
mixed, 254, 308 

relative to other fuels, Btu, 494 
relative costs of, 496 
natural, 255-259 

energy contributed by, 11 
energy produced by, in 1946, 6 
flammaliility hmits of, 372 
production of, foreign, 10 
United States, 30 
properties of, 253, 254 
reserves of, 21-30 

effect of pressure on, 29 
geographical. United States, 28, 29 
ufe of, 21 
vs. production, 30 
recoverable, 21 
types of, 29 
transmission of, 31 
trends in, in United States, 10 
underground storage of, 668 
oil, 253. 254, 261, 273 

flammability limits of, 372 
properties of, 253, 254 
oven, 253 
producer, 261, 276 

combustion ratio of, 253 
heat value of, 253 
processes of, basic, 240 
properties of, 253, 254 
properties of various types of, 253, 254 
refinery, 253, 261 
reformed. 275 
natural, 261 
oil gas, 274 
retort-coal, 303 
sewage, 253, 305 
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Gas, synthesis, 306 
from gases, 238 
from solid fuels, 238-245, 307 
transmission of, 256, 258, 259 
volume correction factors in, 252 
calculations of, 348 
water, 261, 265-273 

combustion ratio of, 253 
processes of, basic, 240 
properties of, 253, 254 
Gas burners, 845-857 
air supply for, 853 
application of types of, 854, 855 
auxiliaries for, 856 
control of smoke from, 460 
furnace design of, 759 
Ignition of, 857 
pilots of, 857 

pressures required by types of, 847 
typies of, available, 846-853 
for various uses, 855 
Gas generation, coal for, 512 
Gas oil, tests oi, 184, 190 
Gas-producer coke, 132 
Gas producers, 277-284 
anthracite for, 768 
bituminous coal size for, 89 
Koppers-Kerpely, 282 
Wellman-Galusna, 277 
Wood, 281 

Gas turbines, 865-872 
Gas volumes, calculations of, 348 
Gasoline, acidity of, tests for, 184 
analyses of, typical, 183 
application of tests for, 184 
copper-dish test for, 186 
distillation tests for, 190 
gum-content test for, 187 
knock characteristics, 184, 187 
physical properties of, 238 
significance of sulphur on, 201 
significance of viscosity on, 193 
specifications for, ASTM, 224 
synthetic, costs of, 245 
thermal values of (table), 204 
Gasoline-alcohol mixtures, 237 
Gasoline-benzol mixtures, 205 
Germany, coal analyses of, typical, 17, 582 
coal reserves and types of, 13, 16 
energy consumption in, 5 
production in, of briquettes, 163 
of coke, 133 
of fuels, 10 
Glance coal, 161 
Glass wool, definition of, 687 
Grate area, vs. heating surface, 771 
SBI rating for, 719 

Grates, hand-fired, for anthracite, commercial, 
jr74 

types of, 767 
specifications for, 771 
Gravity of petroleums, 178, 181-184 
API vs. Baum5 relation lor, 200 
data, formulas and tables on, 193-200 
Grease, tests of, 184, 186 
Great Britain, coal analyses of, typical, 17 
coal reserves and types of, 13, 15 
energy consumption in, 5 
grindability of coals in, 581 
production in, of anthracite, 53 
of briquettes, 163 
of coke, 133 
of fuels, 10 
size of coal in, 89 

Great Plains Province, coal fields of, 23 
Greece, coal reserves of, 13 
GreenaWalt sinter machine, 864 
Grindability of coals, 573-585 
anthracite, 583 
British, 581 
Canadian, 580 
foreign, 582 
index for, 576 

methods of determining, 576 
United States, bituminous coal, 577 


Gulf Province, coal fields of, 23 
Gum in gasoline and oils, 183, 184, 187 

H 

Hammer mills ('crushers), 571, 572 
Hand firing, 769-775 

of anthracite, commercial, 772 
of bituminous coal, 769 
size of coal for, 89 
burning rates of, 766 
capacity range of, for various fuels, 766 
coal selection factors for, 506 
smoke control in, 461 
of wood bark, 119 
Handling properties of coal, 48 
Hardgrove grindability index, 576 
Heat balance, 384-422 
definition of, 384 

determination of, by calculation, 414 
by nomographs, 388 
by rough check, 384 

typical examples of. admixtures of pulverized 
anthracite and bituminous, 73 
anthracite No. 4, pulverized, 73 
bagasse, 127 

bituminous, pulverized, 73 
coal-in-oil fuel, 232 
coke ovens, 142 
spreader stokers, 801 
traveling grates, 801 
water-gas sets, 271 
Heat flow, resistance to, 676 
Heat losses, from bare pipes, 682 
from bare surfaces, 683 
causes of, 420-422 
listing of several, 384 
(See also Heat balance) 

Heat pump, 315-319 
Heat release, vs. ash fusion, 45 
of single-retort stokers, 778 
'of various firing methods, 756-759 
Heat transfer, 672-685 
coefficients of, 679 
methods of, 672 

Heat-treatment, terminology for, 381 
Heat values, of anthracite, chart for finding, 62 
Pennsylvania, 59-62 
bank, 69 
river, 70 
weathered, 68 
Umted States, 75, 76 
of bagasse, 125 

of benzol-gasoline mixtures, 205 
of bituminous coal. United States, 83-94 
of coal-in-oil fuel (chart), 233 
of coals, foreign, 17 
by rank, 37—38 
of coke, domestic, 144 
computation of (Dulong formula), 365 
effect of, on performance, 37 
of ethers, 238 
of fuel gases, 253 
of fuel oils, 181 
of gas-air mixtures, 253 
of gases, blast-furnace, 305 
blue, 266 
butane, 291 
city, by states, 262 
coke-oven, 264 
liquefied petroleum, 285 
natural, 255 
oil, 274, 275 
producer, 278 
propane, 291 
refinery, 275 
reformed, 276 
retort-coal, 304 
sewage, 305 
table of, 253, 254 
water, 266, 270, 273 
of gasoline, 238 

higher and lower, definition of, 364 
of hydrocarbons, 238 
of lignite, 101, 167 
of lignite briquettes, 167, 168 
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' Heart values, of lignite char, 167, 168 
of peat, 108 

of petroleums, by API gravities, 203, 204 
formulas for, 201 
of semianthracites, 75 
of straw, 128 
Bubbituminous, 99 
of tanbark, 121 
of wood. 111, 112, 117 
bark of, 118 
hogged, 115 

wet, chart for finding, 117 
Heaters, oil, 822 

Heating oil, heat required for pumping, 823 
temperature required for, 839 
{See also Fuel oils) 

Heating surface, vs. grate area, 771 
measurement of, in boilers, 706 
Helical-coil furnaces, 749 
Heinpel oil-distillation test, 176 
Heptane, 174, 238 
Hexane, 238, 290 
Hexodecane, 174 
Hite briquetting process, 163 
Hogged fuel, 114, 115 
Honduras, coal reserves and types of, 14 
Horn coal, 49 
Horsepower, boiler, 704 

conversion of, to heat units, 363 
Horseshoe furnace for bagasse, 127 
Hulls, 124 

Hungary, coal reserves and types of, 18 
production in, of briquettes, 163 
of peat, 109 

Hydrocarbons, physical properties of, 238 
Hydroelectric plants, 323-325 
energy produced by, 6 

Hydrogen, combustion properties of, 347, 351 
determination of, in oils, 369 
from proximate analysis, 368 
effect of, on heat value, 366 
ffarnniability limits of, 372 
range of content of, in various fuels, 389 
Hydrogen losses, determination and importance 
of, 384 V 

of gases and solid fuels, nomograph of, 406, 407 
table of, 388 
{See aim Heat balance) 

Hydrogenation, fuel and water requirements for, 
243 

methods of, from solid fuels, 238-245 
I 

Iceland, coal reserves and types of, 16 
peat production in, 109 
thermal springs of, 339 

Ignition temperatures, of oils, autogenous, 185 
table of, 371 
of treated soot, 533 
Ignition velocities of gases, 372 
Illuminating oils, burning quality tests for, 185 
significance of sulphur in, 201 
significance of tests on, 184 
significance of viscosity in, 193 
Impact pulverizer, 589, 591 
Irncompletc combustion, causes of, 421 
losses due to (see Heat balance) 
nomograph of, 410 

India, coal analyses of, typical, 17, 583 
coal reserves and types of, 13, 18 
energy consumption of, 5 
production in, of coke, 133 
of fuels, 10 

Indo-China, coal reserves of, 13 
production in, of anthracite, 53 
of briquettes, 163 
of coke, 133 
Induction heating, 313 
Infusorial earth, 686 
Insulation, 685-702 
antis woat, 702 
of bricks, 697-701 
characteristics of, 689-693 
low-temperature, 701 
pipe, 694-697 


Insulation, raw materials for, 686 
selection of, 687 

thickness recommended for, 694, 698 
Interior Provinces, coal fields of, 23 
Internal-combustion engines, dual-fuel types of, 
873 

energy used by, 6 
fuel efficiency trends in, 8 
gas- and oil-fired, 874 
Iran, fuel production in, 10 
petroleum reserves of, 18 
Ireland, coal analyses of, typical, 17 
coal reserves and types of, 13, 16 
production in, of anthracite, 53 
of briquettes, 163 
of peat, 109 
Isobutane, 290 
Isopentane, 238 
Italy, coal reserves of, 13 
energy consumption in, 5 
production in, of anthracite, 53 
of briquettes, 163 
of coke, 133 
of peat, 109 

J 

Japan, coal analyses of, typical, 583 
coal reserves of, 13 
energy consumption in, 5 
production in, of coke, 133 
of fuels, 10 

Jets for overfire air, 461-465, 760, 761 
K 

Kaplan water turbine, 321 
Kapok, definition of, 687 
{See also Insulation) 

Kerogen, 234 

Kerosene, analyses of, typical, 183 
burning quality of, 185 
distillation tests of, 190 
thermal values of (table), 203 
Kieselguhr, definition of, 686 
Kilowatt hour (kwhr), conversion of,‘ to heat 
units, 363 
Kindlers, 769 
Kinematic viscosity, 191 
Knocking of gasoline, 184, 187 
Kogasin synthesis, 239 

{See also Fisclier-Tropsch synthesis) 
Koppers-Kerjicly gas producer, 282 
Korea, coal reserves of, 13 

production in, of anthracite, 53 
of coke, 133 

Kuweit, petroleum reserves of, 18 
L 

Latent heat of vaporization in oils, 211 
I^eaks, losses due to, 422 • 

Leduc oil field, 18, 19 
Lebte, 484 

Life expectancy of fuels, 20, 21 
Lighting coal fires, 769 
Lightweight aggregate, 484 
Lignite, 97-104 

analyses of, typical, foreign, 17 
typical, United States, 101 
burning characteristics of, 100 
carbonizing, 165 
char yields of, 101 
characteristics of, 98 
classification of, 34, 37 
compared with lignite briquettes, 167 
distribution of, geographical, 24, 25 
drying of, 556—564 
energy contributed by, 11 
friability and slacking of, 47 
gasification of, 103 
liquefaction yields of, 245 
production of, 98 
reserves of, 21, 22 
by rank, 22 
size stability of, 47 
Lignite briquettes, 165-167 
Lignite-char briquettes, 165-167 
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'Link-Belt SS coal drier, 555 
Ijiquefaction yields of coals, 245 
Locomotives, coal selection factors for, 514 
Losch furnace, 767 

Low-temperature carbonization, 100, 130, 131, 
135, 147, 308 
for motor fuels, 239 

Lubncatinff oils, application of tests for, 184 
significance of sulphur on, 201 
Lurgi gasification process, basic description of, 
240, 241 
coals for, 307 

operating results and costs of, 241 
M 

McNally-Vissac coal drier, 554, 555 
Magazine feed boilers, 767 
Magnesium carbonate, definition of, 687 
(See also Insulation) 

Malay Peninsula, coal analyses of, typical, 17 
coal reserves and types of, 13, 18 
fuel production in, 10 
Man, energy produced by, 6 
work output of, 6 
Manchukuo, coal analyses of, 583 
Manchuria, coal reserves of, 13 
fuel production in, 10 
Mean temperature difference, 673 
Mechanical draft, 443-452 
Melting points of waxes, 184, 188 
Mercaptans, definition of, 186, 200 
doctor test for, 186 
Meta-anthracite, 34, 37, 74 

Metallurgical processes, coal selection factors in, 514 
temperatures of, 378 
Methane, 286 

combustion properties of, 347, 351 
composition of, 174 
flammability limits of, 372 
Methanol, 236, 237 
Mexico, coal analyses of, typical, 583 
coal reserves and types of, 12 
fuel production in, 10 
Micron, screen scale, 226, 368 
Mineral charcoal, 35 
Mineral wool, definition of, 687 
(See also Insulation) 

Mixed-base crudes, 175 
Mixed gas (see Gas, mixed) 

Mixtures of fuels, anthracite and bituminous, 70 
coal-in-oil, 226 
gasoline-alcohol, 237 
gasoline-benzol, Btu of, 205 
wood bark and charcoal, 118 
Moisture, in air, losses due to (see Heat balance) 
causes of, 421 

per pound of air (chart), 408 
in coal, allowance for, in coal weighing, 39 
effect of, 38 

on fuel-bed resistance, 374 
on spontaneous combustion, 647 
on test calculations, 39 
removal of, 536-564 
tempering of, 38 
Mol, definition of, 348 
Molecular symbols for hydrocarbons, 252 
Morocco, production of anthracite in, 63 
Mother of coal, 35 
Motor fuel, in foreign countries, 237 
synthesis, 236, 238 

N 

Naphtha, test applications for, 184 
Naphthalene, 238, 248 
Naphthalene-base crudes, 175 
Natal, coal analyses of, 17 

coal reserves and types of, 13, 18 
Natural gas (see Gas, natural) 

Natural-gas liquids, reserves of, 27 
Naval stores refuse, 121 
Netherlands, coal analyses of, typical, 583 
coal reserves and types of, 13, 16 
production in, of briquettes, 163 
of coke, 133 
of peat, 109 


Netherlands Indies, briquette production in* 168 
Neutral atmospheres, 354 
Neutralization number (oils), 184, 188 
New Caledonia, coke production in, 133 
New Zealand, coal analyses of, typical, 583 
coal'reserves of, 13 
production in, of briquettes, 163 
Newfoundland, coal analyses of, typical, 588 
coal reserves of, 13 
Nigeria, coal reserves of, 13 
Nitrogen, properties of, 351 
Normalizing, definition of, 381 
North America, coal reserves and types of, 12*, 13 
petroleum reserves of, 18 
production of fuels in, 10 
Norway, coal reserves and types of, 18 
energy consumption of, 5 
production of peat in, 109 
Nuclear fission, heat from, 341 

O 

Ocean waves, 325 
Oceania, coal reserves of, 14 
fuel production in, 10 
Octane, physical properties of, 238 
Octane number, definition of, 187 
typical, 183 

Oil, catalytic, for burners, 844 

pumping of, heat required for, 823 
pump and heater sets for, 858, 859 
strainers for, 177 
temperature required for, 839 
viscosity required for, 822 
(See also Fuel oil; Petroleum) 

Oil burners, 824-845 
domestic, 839-845 
catalytic oil for, 844 
cycling vs. efficiency of, 842 
fuel oils for, 844, 845 
furnace design of, 762-764 
high-pressure, 840 
improvement in operation of, 840 
low-pressure, 839 
pulsations in, 841 
rotary, 840 
size selection of, 842 
types of, available, 839 
vaporizing, 839 
industrial, 824-839 

air required for atomization of, 835 
atomization factors in, 834 
CO 2 recommendations for, 839 
controls for, 837 
directional flame control of, 746 
firing and maintaining of, ^8 
furnace design of, 759 
layouts of, 829, 831 
mechanical atomization of, 824 
power for atomization of, 836 
rotary-cup, 830, 832, 835 
smoke control of, 459, 460 
steam and air atomization of, 828 
steam required for, 836 
temperature of oil required for, 839 
Oil gas (see Gas, oil) 

Oil-gas tar, 249 

Oil shale (see Shale oil) 

Oil strainers, 823 

Orange Free State, coal analyses of, typical, 17 
coal reserves and types of, 13, 18 
Ore sintering, 860-864 
Onsat, checking results of, 888 
use of, 886 
Oven gas, 253 
Oven-gas tar, 248 
Overfire air, 461-465 

for multiple-retort stokers, 789 
Oxidation of oils, tests for, 184 
Oxidizing atmosphere, 354 
Oxygen, calculation of weight required for 415 
combustion properties of, 347, 361 

P 

Pacific Coast oil specifications, 180 
Pacific Coast Province, coal fields of, 23 
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Packaged fuel. 168, 169 
Panama, coal reserves and types of. 14 
motor fuels in, 237 
Panel heating, electric, 314 
Paraffin-base crudes, 176 
Parrot coal, 49 

Parry gasification process. 242 
Peat, 106-109 .. . i.., 

Pelletizing anthracite. 169 
Pentane, 174, 290 
Persia, coal reserves of, 13 
Peru, coal reserves and types of, 13, 14 
motor fuels in. 237 
production in, of anthracite, 53 
of fuels, 10 

Petrographic constituents of coal, 34 
Petrolatum, 184, 188 
Petroleum, energy produced by, 6, 11 
life expectancy of, 20, 21 
production of, by countries, 10 
reserves of, recoverable, 21 
by states, 27 
trends in, 7 
in United States, 26 
world, 18 

Petroleum coke, 159-161 
Petroleum products, 173-224 
analyses of, typical, 183 
API degree relationships of, 193-200 
characteristics of, significance of, 192 
demand for, annual, 176 
heat content of liquids, 213, 214 
heat content of vapors, 215, 216 
latent heats of, 210, 211 
specific heats of, 207-210 
tests on, 182-201 
application of, 184 
ooaea for testing oils, 181 
significance of, 182-201 
thermal expansion of, 220 
thermal properties of, 206 
total heat oi, 210-217 
transportation costs of, 176 
Petroleum vapor, specific volume of, 220, 222 
Philippines, coal analyses of, typical, 583 
co^ reserves of, 14 
Phosphatic deposits (tube slag), 487 
Pine pitch, 119 
Pintsch tar, 249 

Pipe, bare, heat loss from, 682, 683 
insulation of (see Insulation) 
surface area of, 695 
Pipelines, oil-transport costs of, 176 
Pitch, 249 
coke, 161 
pine, 119 

Poland, coal analvses of, typical, 17 
coal reserves of, 13 
production in, of briquettes, 163 
of coke, 133 
of fuels, 10 

Portable conveyors, 603 
Portugal, coal reserves and types of, 13, 16 
production in, of anthracite, 53 
of briquettes, 163 

Pour point of oils, 178, 182, 184, 185 
Power plants, fuels selected for, 498 
Precipitation of oils, tests for, 184. 188 
Precipitators, electric, 478 
Preferential wetting, 537 
Preheated air for combustion, 361 
on multiple retorts, 790 
Pressure of coking coals, 150 
Pressure piling. 537 
Priming of boilers, 707, 709 
Producer gas (see Gas, producer) 

Producers (see Gas producers) 

Products of combustion, 350 
calculation of weight of, 415 
Propane, 288 

cnaracteristios and properties of, 238, 253, 254 
chemical reactions of, 347 
flammability limits of, 372 
relation of; to other fuels, 494 
rela'Uve costs of, 496 
Propylene, 291 


Protection by oil, tests for, 184, 188 
Provinces of coal, Umted States, 22 
Pulverized coal firing,^809^81d . 
of anthracite, 768 
burner types of, 809 
burning rates with, 766 
capacity range of, for various fuels, 760 
coal selection factors in, 510, 511, 519 
coniparison of anthracite, bituminous, and 
mixes for, 73 

cost of various fuels for, 815 
firing methods of, 810 
comparison of, 811 
fly-ash emission from, 468 
- fuel consumption for, 815 
furnace design for, 759, 760 
for coal-wood bark mixes, 119 
slag-tap types, 816 
improvement in performance of, 818 
results of various coals in, 73, 814 
Smoke in, control of, 458 
sulphur on, effect of, 43 
Pulverizing coal, 573-597 
distribution systems for, 594-597 
mills for, 585-697 

as chosen by industries, 499 
comparison of, 587 
Pumping oil (see Oil, pumping of) 

Pyrites, 43 

R 

Radiation, 680-683 
definition of, 672 
heat losses due to (chart), 412 
heat transmission of (table), 681 
Radiation losses, causes of, 422 
chart for computing, 412 
(See also Heat balance) 

Railroads, oil sold to, 179 
oil-transport cost hy, 176 
trends of, in fuel efficiency, 8 
Range oils, 177 

(See also Fuel oils; Petroleum) 

Ratios of fuels, 494, 495 
Raymond flash-coal drier, 564 
Redler conveyors, 617-619 
Reducing atmospheres, 354, 855 
Redwater oil field (Canada), 18, 19 
Redwood viscosimeter, 191 
Refinery gas, 263, 261 
Refractory cones, 890 
Refuse, definition of, 39 
(See also Ashes) 

Refuse losses, causes of, 422 
chart for computing, 412 
nomograph for computing, 411 
(See also Heat balance) 

Reserves, coal, by countries, 12, 13 

distribution of, in United States, 19, 25 
by ranks, 22, 24 
fuel, in United States, 19 
methods of estimating, 19 
natural-gas. United States, 28 
petroleum. United States, 26 
world, 13, 18 
state surveys of, 26 
U.S. Geological Survey of, 26 
world distribution of, 12 
Residue in oil, code for, 182 
Resin, burning, 119 

liquefaction yields of, 245 
Resistors, electric, properties of, 311, 312 
Retort carbon, 161 
Retort-gas tar, 248 
Rhodesia, coal analyses of, typical, 17 
coal reserves and types of, 13, 18 
Ringelmann charts, 469 
River anthracite, 69, 70 
Rook oil, 174 

Rocky Mountain Province, coal fields of, 23 
Roll crushers, 567 
Roto-Louvre coal drier, 553 
Rumania, coal reserves of, 13 
production in, of anthracite, 53 
of briquettes, 163 
of coke, 133 
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Rusaia, ooal analyses of, typical, 583 
coal reserves and types of, 13, 18 
energy consutnpti^ 
petroleum reservete of, 18 ‘ 

production in, of coke, 133 
of fuels, 10 
of peat, 109 

S 

Sampling coal, ASTM reduction for, 585 
errors in, 893-895 
variations in, 44 
Saponification, 184, 189 
Saybolt viscosimeters, Furol, 191 
universal, 192 

Scotland, coal analyses of, 17 
Scraper conveyors, 619 
Screens, Bureau of Standards sizes for, 468 
Tyler sizings of, 226, 468 
Seeds, as fuel, 124 

Seger cones, temperature scale of, 891 
Seinianthracite, 74, 77 
classification of, 34, 37 
Semisplint coals, 35 
Serbia, coal reserves of, 13 
Sewage gas, 253, 305 
Shale oil, 234, 235 

plant performance of, 495 
reserves and life expectancy of, 21 
Shells, as fuel, 124 
Ships,'fuel-efficiency trends of, 9 
oil sales to, 179 
oil-transport costs of, 176 
Sil-o-cel, definition of, 687 
Silo, coal, design of, 638-640 
Sintering fine ores, 860-864 

equipment characteristics of, 768 
fuels for, 862 

Sirocco fan performance, 447 

Size stability, definition and tests of, 46, 47 

Skip hoists, 609, 611 

Slack index, 48 

Slacking, lignite, 98 

Slagging, 42, 486-489 

in boiler furnaces and tubes, 486-489 
reduction of, 818 
sulphur in, effect of, 42, 43 
Slate, definition of, in anthracite, 56n. 

Smoke, 454-483 

control of, with various equipment, 454-465 
definition of, 454, 458 
density of (Ringelmann), 469 
municipal regulations for, 470 
sizing chart for, 466 
(See also Fine particles) 

Softening temperature of ash, 43 
Soil, conductivity of, 676 
heat loss through, 678 
Solar heat, 331-339 
Solid fuels, 33-49 

distribution of, in United States, 25 
life expectancy of, 21 
production of, foreign, 10 
reserves of, by rank, 22 
world, 12 

trends in, in United States, 9 
(See also si^ecific fuels) 

Solutions, definition of, 226 
Sonic precipitation, 480 
Soot ignition temperatures, 533 
Soot removal by compounds, 532 
South Africa, coal analyses of, typical, 17 
coal reserves and types of, 13, 18 . 

South America, coal reserves and types of, 13, 14 
motor fuels in, 237 
petroleum reserves of, 18 
production of fuels in, 10 
Southern Uhodosia, coke production of, 133 • 

Space heating, energy used by, 6 
Spain, coal analyses of, typical, 583 
coal reserves of, 13, 16 
energy consumption in, 5 
production in, of anthracite, 53 
of briquettes, 163 
of coke, 133 


m 


Specific heat of petroleums, 207-210 
Specifications, for anthracite, 56 
for coal, 517, 518 
for diesel oils, 223 
for fuel oils, 178 
Pucific, 179, 181 

for gasoline, 224 ^ 

for Uquefied petroleum, CNGA, 290 
NGAA, 289 
for solid fuels, 34 
Spiral conveyors, 607, 608 
Spitsbergen, coal reserves of, 13 
Splint coals, 35 

liquefaction yields of, 245 
Spontaneous combustion, 647, 648 
of lignite, 98 

Spreader stokers (see Stokers, spreader) 

Steam, flow of, through leaks, 422* 
through nozzles, 465 
loss of, due to leaks, 422 
pressures vs. operating results of, 500 
required for oil atomization, 835 
Steam generators (see Boilers) 

Steel Boiler Institute (SBI), boiler code of, 717- 
720 

boiler ratings of, 715 
Stefan-Boltzmann law, 681 
Stokers, 776-819 

domestic, underfeed, anthracite for, 783-786 
bituminous coal for, 781 
general, size of soft coal for, 89 
subbituminous, 100 
hand- or semistokers, 775, 776 
operating data for, 766, 767 
multiple-retort, 786-792 
burning rate of, 766, 792 
capacity of, for various fuels, 766 
coal selection for, 791, 792 
furnace design of, 755, 756 
improving operation of, 817 
results of, typical, 792 
types of, 787 
single-retort, 776-781 

anthracite for, 768 ’ 

burning rate of, 766, 779 
capacity of, for various coals, 766, 768 
coal selection for, 779 
furnace design of, 755, 756 
improving operation of, 816 
results of, with various fuels, 780 
spreader, 793-802 
burning rates of, 766 
capacity of, for various fuels, 766 
coal selection factors for, 508, 519 
fly-ash emission from, 468 
fuel selection for, 798 
furnace design oi, 755, 758, 796 
jet design for, 463-465 
overfire air for, 798 
preferences for, by industries, 499 
results of, with various fuels, 801, 802 
smoke control of, 457 
types of. available, 793 
for wood bark, 119 
sprinkler (British), 800 
traveling-grate, 803-808 
anthracite for, 768, 806 
arch design for, 761 
burning rates of, 766 
capacity range of, for various fuels, 766 
coal selection factors for, 509 
fiyash emission of, 468 
furnace design of, 755-758 
improving operation of, 816 
overfire air for, 761 
preferences for, by industries, 499 
results of, with various fuels, 807 
smoke control of, 456 
underfeed, coal selection factors for, 508 
fly-ash emission of, 468 
industrial preferences for, 499 
size of bituminous coal for, 89 
smoke control of, 454 
for wood bark, 119 
Storage, of anthracite, effect of, 68 
of bituminous coal, 634-646 
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Storage, of fuel oil, 65$--658 
of natural g^, underground, 668 
of Bubbituminous and lignite, 99 
sulphur’s effect on, 43 
Strainers, oil-burner, 823 
Straw, analyses of, 124, 128 
Subbituminous cofd, 97-104 
analyses of, typical, 99, 100 
briquetting of, 103 
burning characteristics of, 100 
carbonizing of, 101, 102 
characteristics of, 98 
classification of, 34, 37 
drying of, 656-564 

low'temperature carbonization of, 101 
properties of, 100 
i^ize consist of, 99 
size stability of, 47 
on small stokers, 100 
Sulphite liquor, alcohol from, 246 
as briquette binder, 163 
Sulphuf, chemical reactions of, 347 
in coal, effect of, 42 

on spontaneous combustion, 647 
on synthesis costs, 243 
forms of, 41 

combustion properties of, 347, 351 
in petroleum products, in cutting oils, 201 
definitions and significance of, 200 
doctor test for, 186 
in fuels oils, typical, 183 
in gasolines, typical, 183 
specifications for, 178n. 

Sulphur dioxide, combustion properties of, 351 
Sulphuric acid in stack gases, 42 
Summer oil, 250 
Sun, heat from, 331-339 
Superex, definition of, 687 
Suspensions of solids, definition of, 226 
Sweating of pipes, insulation for, 702 
Sweden, coal reserves and types of, 13, 16 
production in, of coke, 133 
of peat, 109 

sulphite liquor alcohol of, 247 
Swelling of coal, in coke manufacture, 149 
plastic properties of, 93 
pressure developed by, 150 
Switzerland, coal reserves and types of, 18 
energy consumption in, 5 
production in, of anthracite, 53 
of peat, 109 

Symbols of hydrocarbons, 252 
Synthesis gas (see Gas, synthesis) 

T 

Tanbark, 121 
Tanks, fuel-oil, 656 -658 

hot-water, insulation for, 701 
liquefield petroleum, 295, 301 
Tar, by-product coal, 248, 249 
comparative costs of, 496 
oil-gas, 249 
oven-gas, 248 
pintsch, 249 
retort-gas, 248 
water-gas, 249 
Tar sands, Athabaska, 234 
Tasmania, coal analyses of, 583 
Temperature, critical, of steel, 381 

of furnaces, measuring of, 889 * 

various, 379 

of industrial processes, 379 
measurements of, 884 ' 

required for pumping oil, 839 
underground, soil, 677 
water, 318 

Temperature conversion tables, Fahrenheit to 
centigrade, 380-381 
Tempering coal by wetting, 38 

effect of, on fuel-bed resistance, 374 
Terzian factor, 265 
plant constant, 267 
Thawing pit, 633, 634 
Thermal conductivity (see Conductivity) 

Thermal drying and driers, 636, 541-564 


Thermal expansion of oils, 218 
Thermal springs, 339 

Thermal values of fuds, general definitions ahd 
^ values of, 363 

oils, crudes, fuel oil, kerosene, 203 
general equations for, 201 
test applications for, 184 
(See also Heat value) 

Thermit, 340 

Thyssen-Galocsy synthesis process, 242 
costs and operating results of, 241 
Tidal power, 326 
Toluene, properties of, 248 
Toluol, physical properties of, 238 
uses of, 248 
Torbanite, 48 
Track hoppers, 609 
Transfer of heat, 672-685 
Transformer oil, test applications for, 184 
Transmission, of gas, 256, 258, 259 
of oil, 176 

Transvaal, coal analyses of, typical, 17 
coal reserves of, 13 

Traveling grates (see Stokers, traveling-grate) 
Tremolite, definition of, 686 
Trends of fuels, natural gas, 10, 21 
petroleum, 7, 21 
solid fuels, 9, 21 
Trinidad, asphalt m, 175 

fuel production in, in 1946, 10 
Tripoli insulation, definition of, 686 
Trucking oil, costs of, 176 
Tube-mill pulverizer, 586 
Tube slag, 486- 489 
Tunisia, briquette production in, 163 
Turbines, gas, 865-872 
Turbulent flow, 678 
Turf, 106 

Turkey, coal analyses of, typical, 17, 583 
coal reserves and types of, 18 
production in, of briquettes, 163 
of coke, 133 

Turpentine-extraction residue, 121 
Tyler screen sizes, 226, 468 

U 

Ultrasonic precipitation, 480 
Underground gasification, 242 
Underground temperature, of soil, 677 
of water, 318 

Undersize in coal, character of, 40 
effect of, 40 

Union of South Africa, coal reserves of, 13 
coke production in, 133 

United States, anthracite production and reserves 
of, 25, 74, 78 

bituminous coal, analyses of, typical, 83 
geographical variations in, 89 
reserves of, 25 

coal reserves of, by location, 21, 25 
by rank, 24 

energy of, sources and uses of, 6 
fields of (maps), coal, 22 
natural gas, 29 
petroleum, 26 

fuel consumption of, by years, 11 
life expectancy of fuels of, 20 
trends in, of coal, 9 
of natural gas, 10 
of petroleum, 7 
semianthracite of, 77 
solid fuels of, distribution of, 25 
Uni type-impact pulverizer, 589 
Universal ()il Products (UOP) oil characteriza¬ 
tion factor for, 177 
Uskon heating panels, 314 
Utilities, oil consumption of, 179 

V 

Valve, check, pressure drop through, 857 
Vapor pressure of oils, definition and significance 
of, 190 

test codes for, 184 
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^yapora, explosive limits of, 370-373 
' j petroleum, heat content c^, 215-216 
^Veneouela, coal reserves and typ^B of, 13, 14 
' fuel consumption in, in 1946, 10 
petroleum reserves of, 18 
Vermiculite, definition of, 687 . 

{See also Insulation) 

Viscosity, of petroleum products, 178-184 
relation of, between measures, 194 
various measures of, 191 
Viscous flow, 678 
Vissac coal drier, 564-555 
Vi train, 34 

Volatile matter, effect of, in coal, 41 
seoeraphical variations of, 38 
Volatility of oils, definition of, 189 
test code for, 184 

Volume of gas, pressure-temperature correction 
factors in, 252 


W 

Ward furnace (bagasse), 127 
Water, leakage of, losses due to, 422 
properties of, 347 

and sediment in oils, significance of, 190 
tests for, 181, 182, 184, 178 
temperature of, underground (map), 318 
Water gas, sets for, 267-273 
clinkering, 46 
{See also Gas, water) 
coke, 132 
tar, 249 

Water power, 319-326 
energy produced by, 6 

per cent contributed by, 11 
Water-power plants, 324 
Water turbines, 321 
Water vapor per pound of air, 408 
Water wheels, 319 
Wave power, 325 
Waxes, tests of, 184, 188 
Weigh larrys, 606 

Well temperatures in United States (map), 318 
Wellman-Galusha gas producer, 277 
Welsh anthracite, 15 

ffiability and size stability of, 47 
Wetting coal (tempering), 38 
effect of, on bed resistance, 374 
WitSk feed test for illuminating oils, 184, 191 
Wind, 327-331 

effect of, on heat losses, 684, 685 
on smoke travel, 467 
energy produced by. United States, 6 
pressure exerted by, 329 
Velocity of, in United States (map), 327 
vs. altitude, 328 
Wind power. 327-331 
Windmills, 329 


Winkler ^ification process, description of, 2^ 
, operatingf results and costs of, 241 
Wiener coking process, 131 
Wood, 109-121 
advantages, of, 110 
analyses oftypical, 112, 113 
characteristics of, 111 
cords of, per ton of coal, 113 
cordwood, 109 

energy produced by, in United States, 6. 
heat value of. 111, 112 
hogged fuel, 114 
measurements of. 111, 114 
moisture of, effect of, on heat, 113 
moisture content of, 112 
relation of, to other fuels, 494 
relative costs of, 496 
Wood bark, 116-121 
analyses of, typical, 118 
ash content of, 118 
burning wet, 120 
handling of, 118 
heat value of, 117 
mixed with coal, 118 
moisture and drying of, 116 
quantity of, available, 116 
various types of equipment for burning, 119 
Wood gas producer, 281 
Wood refuse, 114-122 

burning of, in Dutch ovens, 120 
in underfeed stokers, 120 
wet, 119 

characteristics of, 116 
industrial use of, 115 
naval stores, 121 

World, anthracite production of, 53 
briquette production of, 163 
coal analyses of, typical, 17 
coal reserves and types of, 12 
coke production of, 133 
energy consumed by, per capita, 6 
fuel production of, 10 
steamship fuel trends of, 9 

X 

Xylene, properties of, 248 
Y 

Yugoslavia, coal analyses of, typical, 583 
coal reserves of, 13 
production in, of briquettes, 163 

Z 

Zerofil, definition of, 687 
Zipper conveyors, 617 
Zonolite, definition of, 687 
Zuzuland, coal reserves of, 13 





